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Page  2.1  A.  A.  Vorobyev,  V.  A.  Mcskalev. 

High-current  betatron  and  ster sebetatron.  M.,  Atomizdat,  1969. 

Tti e  book  contains  the  original  material,  dedicated  to  the 
as vfiopments  of  new  induction  accelerators  -  high-current  betatrons 
and  stereobe tatrons.  Are  examined  the  fundamental  questions,  which 
appear  during  the  planning,  installation  and  the  operation  of  the 

nigh-current  betatrons:  calculation  and  obtaining  of  the  required 

0' 

magnetic  field  of  accelerators,  high-voltage  system  of  the  injection 
of  electrons  in  the  acceleration,  system  of  the  beam  displacement  of 
ths  accelerated  electrons  from  the  equilibrium  orbit  to  the  targe-., 
etc. 


At  the  end  of  the  beck  are  given  the  materials  on  the  corr^ci,irn 
of  magnetic  field  in  the  two-chamber  stereobetatrons,  developed  in 
Tomsk  Polytechnic  Institute,  and  also  some  original  methods  of 
obtaining  the  uniform  in  the  azimuth  controlling  magnetic  field, 
which  does  not  require  the  subsequent  correction. 

The  book  is  intended  for  scientific  workers,  graduate  students 
ar.d  engineers,  who  are  interested  in  an  increase  in  the  effectiveness 
ir.  the  work  of  the  induction  electron  accelerators. 

l.i  tr.e  bcok  21  figures,  4  tables.  At  the  end  is  given  the 
oioiic jra ph y  cf  15  designations. 
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Page  3. 

PREFACE. 


The  problem  of  an  increase  in  the  accelerated  current  and 
intensity  of  the  radiat ion/emissicn  of  charged  particle  accelerators 
is  at  present  eost  urgent/actual  and  interests  any  developer  of 
accelerator  facilities. 

In  Tomsk  polytechnic  institute  during  the  latter/last  several 
years  were  carried  out  the  scientific  investigations  and  the 
tschr.ical-3 nginaering  developments,  directed  toward  a  sharp  increase 
in  the  current  of  the  electrons,  accelerated  in  the  induction 
accelerators  -  betatrons.  The  result  of  these  developments  was  the 
creation  of  the  original  electron  accelerators  of  the  high-current 
betatrons  in  which  circulating  in  orbit  electronic  current  reaches 
nur.dreds  of  amperes,  and  a  number  cf  accelerated  in  the  cycle 
electrons  is  approximately  3«10**. 

This  book  is  dedicated  to  so»e  questions  of  theory  and  practice 
of  tee  creation  of  high-current  betatrons  and  two-chamber 
sterecb»tatrons,  operated  at  present  in  some  scientific  institutions 
and  in  the  enterprises  cf  the  country.  During  the  writing  of  the  book 
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in  essanca  theca  is  used  the  original  material,  obtained  by  the 
authors  during  the  calculation,  planning  and  the  installation  of  th 
operating  high-current  betatrons  and  stereobetatrons. 

Due  to  the  limited  size  of  the  booh  there  is  not  given  the 
description  of  other  types  of  the  high-current  accelerators  the 
information  about  which  appeared  recently  in  the  literature. 
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Page  4. 

INTRODUCTION. 

At  present  accelerators  are  extensively  used  not  only  in  the 
scientific  investigations  in  nuclear  physics,  but  also  in  the 
medicine  -  for  the  treatnent  cf  aalignant  swellings,  in  biology  -  for 
che  study  of  tha  effect  of  radiation/eaission  on  the  vegetable  and 
animal  organisms,  including  man,  in  the  industrial  flaw  detection  - 
for  nondestructive  inspection  of  large-siza  and  thick-walled  articles 
and  materials,  in  machine  building  -  for  the  high-speed/high-velocit y 
photograph  cf  the  fast-moving  machine  parts  and  mechanisms,  in 
physics  and  chemistry  -  for  the  high-speed/high-velocity  photograph 
of  tne  rapidly  elapsing  physical  and  chemical  processes,  and  in  many 
other  regions. 

Because  of  simplicity  of  construction/ design  and 
maintenance/servicing  widest  acceptance  obtained  the  induction 
electron  accelerator  -  betatron.  At  present  in  different  countries  of 
peace/world  werk  about  200  betatrons,  moreover  the  majority  of 
betatrons  is  utilized  in  industrial  flaw  detection  and  clinical 
medicine.  A  smaller  number  of  betatrons  is  applied  for  the  scientific 
investigations  in  the  region  of  physics,  chemistry,  etc. 
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In  proportion  to  the  introduction  of  accelerators  into  the 
national  economy  the  requirements  fcr  them  are  steadily  raised.  In 
this  case  one  of  the  main  requirements,  presented  now  to  all 
accelerators  without  the  exception/elimination,  including  to  the 
betatrons,  consists  of  an  increase  in  the  accelerated  current.  For 
the  betatron  this  indicates  a  sharp  increase  in  the  rate  cf  the  dose 
of  the  bremsstrahlung,  generated  by  accelerator. 

Page  5. 


rha  relatively  low  intensity  cf  the  radiation/emission  of  betatrons 
limits  thair  field  of  application,  since  for  conducting  of  many 
contemporary  experimental  investigations  are  required  the  beam 
currants  of  accelerators,  to  cne  -  three  orders  exceed  the  currants, 
obtair.sd  at  present.  Therefore  almost  in  all  laboratories,  which 
carry  out  by  the  development  cf  new  ones  and  by  the  operation  of  th*. 
existing  accelerators,  fccus  special  attention  on  possibility 
increases  in  the  accelerated  current. 

An  increase  in  the  number  cf  accelerated  particles  and, 
therefore,  intensity  of  the  radiaticn/emission  of  betatron  even  two 
or  three  times  represents  the  serious  problem,  during  solution  of 
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which  are  encountered  the  definite  difficulties  of  technical 
character.  The  task  of  an  increase  in  the  accelerated  current  by  two 
or  tnree  orders  is  considerably  sere  complicated.  It  requires  the 
preliminary  theoretical  development  of  a  question  and  unavoidably 
leads  to  qualitative  changes  cf  entire  accelerator  as  a  whole. 

An  increase  of  the  current  cf  the  charged/loaded  particles  ir. 
the  betatron  can  be  achieved/reached  by  a  substantial  change  in  some 
basic  parameters  of  accelerator. 

1.  Increasa  in  region  of  focusing  forces  of  controlling  magnetic 
field  of  betatron  and  respectively  practical  implementation  cf  this 
magnetic  field  which  would  be  capably  hold  down/retain  in  orbit 
aacsssary  electronic  charge  to  end/lead  of  cycle,  of  acceleration.  An 
increase  in  the  region  of  the  focusing  forces  leads  to  the 
appropriate  increase  in  the  intarpcle  space  of  betatron.  With  the 
considerably  larger  sizes/dimen siens  of  the  aperture  of  accelerator 
it  is  necessary  to  apply  the  new  principles  of  the  calculation  cf 
magnetic  field  and  prof ile/a irf oil  cf  the  pole  pieces,  since  the 
usual  calculation  methods  prove  tc  be  unsuitable,  since  some 
apprcximations/approaches,  for  example  the  straightness  of  the  lios 
of  force  of  magnetic  field  in  the  gap  of  betatron,  cannot  be  accepted 
for  calculating  the  high-current  betatron.  Furthermore,  the  large 
circulating  current  of  electrons  creates  sufficiently  strong  propjr 
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magnetic  field,  which  alsc  must  be  taken  into  consideration  during 
calculations  of  high-current  betatron. 

2.  Considerable  increase  in  quantity  of  electrons,  introduced 
into  accelerative  dcughnut  for  guaranteaing  calculated  circulating 
current  in  orbit  of  accelerator.  Here  fundamental  difficulty  consists 
of  the  development  of  the  electron  source,  capable  of  ensuring  the 
high  currents  of  emission  with  the  minimal  sizes  of  the  working 
surface  of  emitter  and  under  the  condition  of  high  stability  and 
large  service  life  of  source. 

Page  6. 


3.  Considerable  increase  in  wave  energy  of  electrons,  with  which 
they  are  introduced  in  acceleration,  for  guaranteeing  most  opt' mum 
conditions  for  acceptance  in  acceleration  of  necessary  number  of 
electrons.  In  accordance  with  the  theory  of  inductive  acceleration 
and  the  experimental  data  a  maximum  number  of  particles,  seized  into 
th*~  acceleration,  unlimitedly  grows/rises  with  an  increase  in  the 
energy  of  the  injection  of  electrons.  Therefore  upper  boundary  of  the 
voltage  of  injection  is  determined  only  by  the  technical 
considerations,  connected  witn  dielectric  strength  of  the  structural 
elements/ce 11s  of  injector.  Difficulty  with  the  resolution  of  the 
probLem  of  high-voltage  injection  consists  of  the  development  of 
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system  which  would  allow  ten  tiies  to  at  least  increase  energy  of  the 
introducticn/input  of  electrons  in  the  acceleration,  accepting  with 
respect  to  the  attention  the  limitedness  of  space  for  the 
ar rangsment/position  of  the  parts  cf  injector,  which  are  located 
under  the  high  pulse  potential.  Furthermore,  the  development  stable 
working  pu ' . e  generator  of  the  voltage  of  the  specific  form  in 
amplitude  into  hundreds  of  kilovolts  and  duration  several 
microseconds  represents  a  rather  serious  task. 

4.  Change  of  conditions  for  acceptance  of  electrons  into 
acceleration,  capable  of  leading  tc  increase  in  seized  and  finished 
to  erd/lead  cycle  of  acceleration  of  number  of  electrons.  This  can  be 
an  lmfrovement  in  the  optic,  optics  cf  injector,  the  use/application 
of  a  different  kind  of  the  contractors,  which  lead  to  compression  of 
the  instantaneous  orbits  cf  elect rens  at  the  moment  of  injection,  or 
the  replacement  of  the  existing  oscillatory  mechanism  of  capture  new, 
oscillation -free.  A  change  in  conditions  for  acceptance  is  connected 
with  conducting  of  labcr-ccr.suming  and  thin  experiments  with  the 
electron  beam  into  initial  period  of  the  cycle  of  acceleration  with  a 
simultaneous  change  in  the  parameters  of  injection  and  injector.  Th - 
creation  of  the  new  mechanism  of  capture,  for  example 
oscillation-free,  meets  with  the  great  difficulties  cf  theoretical 
and,  mainly,  experimental  character,  oscillation-free  capture  of 
electrons,  based  on  the  spiral  accumulation,  is  realized  and 


DOC 


50  17 1501 


PAGE 


convenient,  upon  the  internal  injection  and  with  the  relatively  low 
voltage.  The  us?  of  this  mechanism  upon  tha  external  injection  and 
with  the  voltage  into  several  hundred  kilovolts  is  virtually 
impossible. 


Page  7. 

5.  Essential  shortening  cf  duration  of  pulse  of  radiation  when 
it  is  necessary  to  obtain  maximum  pulse  current  of  accelerated 
electrons  to  target.  In  the  betatron  with  the  ample  clearance 
shertenirg  the  duration  cf  emission  impulse  represents  serious 
technical  task  because  of  the  need  to  displace  the  large  ring  current 
of  relativistic  electrons  for  the  f ractions/porticns  of  microsecond 
up  to  the  distance  of  200-250  m  in  the  radial  direction.  For  the 
solution  of  this  problem  is  necessary  the  special  inertia-free 
(lcw-induction)  system,  capable  of  generating  the  pulse  magnetic 
fields  cf  short  duration  in  th*»  interpolar  space  of  betatron. 

6.  Increase  in  current  frequency,  feeding  the  accelerator,  for 
obtaining  high  avecage/mean  rate  cf  dose  of  b reasstrahlung  of 
oetatron.  However,  an  increase  in  the  frequency  is  accompanied  by  a 
sharp  incraase  cf  the  losses  in  steel  of  magnetic  circuit  and 
requires  gain  in  weight  and  dimensions  of  installation  as  a  whole. 

The  ref ore; in  each  specific  case  a  question  of  the  selection  of  tha 
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operating  frequency  of  the  feeding  betatron  current  is  solved,  on  the 
oasis  of  the  permissible  dimensions,  weight  and  installation  charge, 
or  ere  hand,  and  from  the  required  radiation  dose  rate  -  on  the  ether 
hand. 


In  Nil  [  HHH  -  Scientific  Besearch  Institute]  nuclear  physics 
of  Tomsk  polytechnic  institute  were  carried  out  the  theoretical 
studies,  dedicated  to  the  thecry  cf  capture  of  electrons  in  the 
acceleration  and  to  obtaining  the  large  circulating  current  cf 
electrons  in  the  betatron,  and  also  experimental  design  and  physical 
anginearing  developments  for  obtaining  the  high  currents  of 
particles,  accelerated  in  the  betatron,  and  therefore  the  high  rat^s 
of  the  doses  of  the  bremsstrahlung  cf  induction  accelerators.  Both  in 
the  USSR  and  abroad  these  works  served  as  base  for  the  creation  of 
the  first  high-discharge  betatrons  of  industrial  designation/ pur  pose 
in  the  range  cf  energies  15-25  PeV  in  which  the  accelerated  current 
into  hundrsds  of  times  exceeds  the  currents,  obtained  in  the  usual 


bet  at  rons 
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Chapter  1. 

rHEORET ICAL  FUNDAMENTALS  OF  OETAXNING  HIGH  CURRENTS  IN  THE  BETATRON. 
Magnetic  field  and  electromagnet. 

An  increase  in  the  current  of  the  particles,  accelerated  in  the 
betatron,  is  connected,  first  of  all,  with  an  increase  in  the  space 
of  tne  working  zcna  of  betatron,  i.e.,  with  an  increase  in  space  cf 
the  v  area  of  action  of  the  focusing  forces  S.  with  the  assigned 
magnitude  of  the  focusing  forces  cf  magnetic  field  the  steady-stats 
density  of  electronic  charge  p0  is  a  constant  value,  and  in  this  cas^ 
the  number  of  particles  which  can  be  held  dcwn/ret ained  by  the  field 
of  betatron,  it  is  proportional  to  space  of  the  v  area  of  action  of 

the  focusing  forces.  For  this  case  Po  p- - =  const ,  where  Q  - 

charge  of  the  accelerated  in  the  betatron  beam;  v=2*r0s  -  space  of 
the  area  cf  action  of  the  focusing  forces  with  a  section  S  region  and 
a  radius  of  the  equilibrium  orbit  r 0. 

If  charge  Qj  =  10"Q|,  then  =  Sl  —  t  for  increase  of  char  go  3 

vx  V;  V1 

10*  times  it  is  necessary,  other  conditions  being  equal,  so  many 


times  to  increase  the  space  of  the  magnetic  field  of  betatron.  An 
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increase  ir.  the  voluae  cf  aagnetic  field  of  betatron  is  connected 
with  an  increase  either  in  the  geceetric  dieensiens  of  interpolar 
space  ol  radius  of  equilibria*  ertit.  Both  that  and  ethers  lead  tc  a 
sharp  increase  of  iisensiens  and  weight  of  accelerator  and  an 
increase  in  the  consumed  electrical  energy.  Therefore  an  increase  m 
the  interpolar  space  of  betatroc  should  be  Halted  by  reasonable 
limits.  A  decrease  in  the  si ZttS/diaensions  of  the  interpolar  space  of 
aer at r on  with  the  prescrited/assigned  electrode  charge  can  be 
cotainj d,  increasing  the  density  of  charge  p0  at  the  eoaent  cf  its 
ittrcc ucticn/input  into  the  zcr.e  cf  action  of  the  focusing  forces.  To 
ra:  f  oa  with  prescribed/assigr.ed  c  is  possible  only  by  a  increase  :n 
t h *•  focusing  forces  of  the  controlling  magnetic  field. 

Pa^-e  ~J. 

out  since  the  forces,  which  operate  on  the  beee  froa  the  side  of 
magnetic  field,  are  pro Fcrtio r.a  1  tc  intensity/strength  H  the  fi.iis, 
then  far  increase  in  Q  should  be  introduced  electrons  into  the 
chi nber/came ra  with  large  H,  i. e. ,  with  the  larger  energy  of  the 
in  ]»ct«u  electrons. 

Taicing  into  account  this,  was  acknowledged  by  advisable  increase 
the  area  of  action  of  the  focusing  forces  of  betatron,  i.e.,  the 
'•capacity/capacitance"  cf  the  aagnetic  field  of  accelerator 
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approximately  ten  tiees  (cr  scmewhat  tore) ,  which  corresponds  to  tin 
possibility  01  the  propcrticnal  increase  of  the  accelerated  current 
cf  particles  in  the  ronstant/in variable  energy  of  the  injected 
particles.  An  increase  of  th«  accelerated  current  of  particles  10-15 
a,c:t  tin-is  subsequently  was  obtained  as  a  result  of  increasing  tht 
voitaga  of  the  injection  cf  electrons  of  up  to  several  hundred 
kilovolts.  Theoretical  questions  cf  obtaining  the  guiding  field  of 
r.i  ir.-cur r«nt  betatrons  were  developed  by  B.  N.  fiodiaov  and  P.  A. 

_  nercar.tsov. 

,  1.  Potential  function  v.  -  the  fundaaental  characteristic  of  the 
ccnticllir.fi  magnetic  field  of  tatatron. 

The  regicn  cf  the  fccusing  fcrcee  of  the  eagnetic  field  cf 
oetatror  deteraines  the  guantity  ci  electrons  which  can  be  seized 
into  tne  acceleration  under  pcescrited  conditions  of  injection.  The 
focusing  properties  of  field  are  usually  rated/estiaated  by  thi  valuo 
of  tne  index  of  the  drop  cf  field  n  at  the  different  points  of  the 
•  erking  gap  cf  betatron  [1].  However,  distnoution  n  dees  net  give 
the  ueaonst rative  picture  of  the  distribution  of  the  focusing  field 
rerefs.  The  aost  coapletely  fccusing  forces  and  the  quality  cf  the 
juicing  fi«id  of  betatron  caaracterizes  l’«  -  the  potential  function 

of  ti. e  focusing  forces  cf  the  magnetic  field  cf  betatron.  Potential 
function  \'.  in  a  specific  manner  is  connected  also  with  value  n. 
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This  connccticr./coaa  unicaticn  can  fce  shown  as  follows. 

For  the  nonralati viatic  case  tangential  com ponent/tera  cf  the 
rate  cf  the  electron,  which  neves  in  the  field  of  betatron,  is 
expressed  in  the  torn 


(1) 


Page  10. 


Focusing  force  in  the  direction  cf  Z-axis 

*  ~  Tv*Hn 

w  h  e  r.c  a 


(2) 


The  focusing  force  in  direction  r 

mr  -  —  e  -~i*  *  — ~v%  A//„  (4) 

dr  c  ° 

whence 


A//, 


1 

V  27. 


(5) 


where  *HMm  Ht  —  -  difference  between  the  aagnetic  intensity  at 

the  particular  point  and  the  strength  cf  field,  which  is  necessary 
for  the  electron  aotion  along  the  circle  with  radius  of  r  with  a 
speec  jf  o%.  This  aifference  creates  the  focusing  force  in  directior 


Hx,  is  found  froa  the  relaticnships/r atios 
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-7-"~  T" 


(6> 


Then 


H,-H„  +  A//, 


[page  iVJ  Since 


t  hen 


a(r)-l 


-TV 

—  y 

0  “ 

,  1 

dV. 

y~2v^ 

dr 

r 

dH, 

»M  ' 

dr  ’ 

'  Trl  dr * 

1 

'  ~  2  V. 

2  V. 

d  V. 

r 

+  . 
or 

-r0(neg)  2=0: 

J  dr» 

\ 

.)  . 

'  \  2V. 

Jr*  0 

(7) 


dr 


(8) 


(9> 


=0,  then 


00) 


j  gj  AH 

Prom  condition  — =-2£l^  it  is  possible  to  obtain  the 

or  di 

relationship/ratio 

/  g*B 

*<r) 

Thus,  the  examination  of  the  characteristics  of  the  field  of 
betatron  on  base  Vu  considers  distribution  n. 
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II 

Potential  function  lakes  it  possible  to  also  calculate  the 
density  of  equilibrium  teas  in  the  be+a+ron..  However,  in  the  case  of 
accelerating  the  large  ruiber  of  particles  during  calculations  it  is 
necessary  to  consider  the  field  of  equilibriui  electron  beam.  The 
account  cf  the  proper  fi*^d  ot  beam  and  the  computation  of  the 
density  of  equilibrium  »«am  in  the  betatron  it  is  carried  out  in  work 
[2],  Relativistic  funct-.  ~r  V6  is  examined  here  in  the  form  cf  sum 
—  V  p",  wn8re  ’P  -  potential  function  of  the  free  from  the 
charge  field:  l'p "  -  tr»*  potential  function  of  the  magnetic  field  of 
oeam. 


Page  12. 


Value  Vr'  is  taken  with  an  accuracy  to  standard  deviations  from  the 
cquiliorium  radius  r0,  i.c.. 


K' 


v  fi  -l 
*1  ' 


+ 


+ 


*«V 


(II) 


wh  =  r*  Vm  -  value  of  nonrelativ istic  potential  function  with  r=r0, 
z*iJ  ;  n0  -  value  of  the  coefficient  cf  the  drop  ot  magnetic  field  to 
r  =  r0,  and  X  1/  1  —  :  V’  -  is  written/recorded  in  the  form 

of  s*ries/rcw  with  the  undetermined  coefficients 


(12) 
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Attar  the  computation  of  coefficients  of  K  and  K'  for  Vt  is  obtained 
expression 

=  1/  1 1  1  m  c'  v°*  „  ,  i  /  *V„  \*  II 

'  °  I  '  [  2*V0  ^  ^  4  (  '  Tj  X 

£  .  f  xi,e^0M  _  I  /  ei/0  1 

roa  l  «Ki3  ®  4  (  rrigC1  '  4 

It?  •  <l3> 


X 


'nrf3V0M 
2eV o’ 


Thus,  y„  taking  into  account  the  proper  magnetic  field  of  beam  giv^s 
the  focusing  force  which  is  more  than  force  without  the  proper  fiali 
fr  and  /,  once  for  r-  and  z  -  directions  respectively,  where 

KeVf  ,  _  ,  ,  KiV* 


fr  ~  1  + 


"M?  Vo «(!—««) 


■»  /,  —  •  + 


hat  us  rata/estimate  the  density  of  the  team  which  can  he  hell 
down/r^tained  by  the  field  of  betatron. 


s:  nee 


p 


and 


7. 


where 


then 


P  —  —  7“  ?*7.  (14) 


Page  13 
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3ut  for  r  we  have  an  equation 


7 

<n  y 

1  T*-« 

7*  —  1 

K  dr  )  +  1 

V  (J*  J 

r  * 

(15) 


In  the  confer  cf  beam  -  0,  therefore  rbo  =  — — -  ;e,  where  r0  - 

dr  dz  r.* 

value  r  at  point  r=r0,  z=0.  Then  the  charge  density  in  the  center  o 
the  equilibrium  beam 


Po  =  - 


m  c* 


Arte  r0* 


h2-tb 


or 


Po=  - 


«oC3 


V  -  l]  4- 

U  £o  fo 


(16) 


At  tr.s  ultrarelati vistic  rates  E>>E0#  then  from  equation  (16)  it  is 
obtained 


POPM  — 


«oC*  £ 

4wr„>  \  £0  ' 


(17) 


Kor  non  relativistic 


rates  £-£„  +  £„  =£0  +  then 


_ Vnm 

2m 


r»3  \  2  t*  / 


(18) 


Let  us  compare  the  calculated  charge  densities  taking  into  account 
the  proper  magnetic  field  of  team  with  the  densities,  found  without 
its  account.  The  charge  densities  for  the  last  case  are  calculated 
frem  the  following  formulas,  obtained  from  the  equation  of  the  fre? 
from  tna  charge  magnetic  field: 

(JLY 

,  _  __*£!_  I  7o»—  1  \  „  _  1  gp  1 

™  4w*r#«  \  *  /  _£ 


(19) 
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t'c:  tha  relativistic  case 


Po  p«j  —  — 


m<£*  E 
4  ntrj  '  £0  ' 


(20) 


for  the  non relati vistic 


Po'«  =  - ~~~ 

2«roS  \  2  c »  / 


(21) 


Lst  ns  determine  differences  p  and  p0*  for  both  cases: 
^Po  p«j  ~  Po  p*j  Po'pu  =  m*e 


4nt 


(22) 


^Po  U  ■—  Po  u  ~  Po'«J  —  — 


‘''dm  o* 
2*«  /■„>  ’  e* 


(23) 


From  equations  (22)  and  (23)  it  is  evident  that  in  the 
relativistic  case  during  the  computation  of  the  charge  density  it  is 
necessary  to  consider  the  proper  lagnetic  field  of  beam.  At  the 
nonrelativistic  rates  (when  v/c<<1)  the  difference  between  p0M  and 
Pi'„  is  small,  and  the  use  of  formulas,  which  do  not  consider  charge, 
is  admissible. 


Thus,  the  proper  magnetic  field  of  beam  plays  the  significant 
role  at  nigh  velocities  cf  electrons.  The  charge  density  depends  on 
energy  of  electrons  as  E*.  This  dependence  can  explain  the  behavior 
of  the  maximum  of  the  intensity  of  radiation/emission  at  the 
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different  values  of  energy  of  injection  For  the 

ccr.crete/specif ic/actual  betatron  the  space,  occupied  by  beam  with 
different  ones  can  be  considered  constant.  Then  the  intensity  is 
proportional  tc  p0,  if  we  by  £««*  understand  energy  of  electron  during 
the  injection.  With  low  energies  cf  injection  the  intensity  is 
proportional  £««*,  with  the  large  cnes  -  P,,,  .  Hence 
ensur s/fsca pes/f lows  out  the  need  of  increasing  the  voltage  cf 
injection  in  betatron,  if  is  required  a  considerable  increase  of  th  •» 
number  of  accelerated  in  the  installation  particles. 

Page  15. 

j  2.  Equation  of  the  magnetic  field  of  betatron  and  its 
us?/application  for  calculating  the  field. 

Let  us  record  eguation  (9)  in  the  fora 

_ i_  ,  dVm  y  l  +  n  dv„  _ 

2VU  \  dr  r  dr 

_(1  ~n)^~  =  0.  (24) 

'  r» 

During  the  known  distribution  n  and  prescribed/assigned  z  according 
to  equation  (24)  it  is  possible  tc  find  dependence  Vm  on  r. 

A  similar  equation  can  be  obtained,  also,  for  dependence  V,  cr 
z  with  prescribed/assigned  r.  Differentiating  relaticnships/ratios 
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(3)  and  (7)  and  considering  that  <9 H,  Jdr=dH , /dz,  we  ootain 


&vu 

I 

2V„  ! 

dVu 

dx* 

2Pm 

\  dx  j 

r •  r 

dr 

Storing/adding  up  the  left  siaes  cf  equations  (24)  and  (25) ,  we  hav 

d'VM  ,  _1_  dV*  &V*  _ 

dr*  r  dr  dx* 


i 

7  *2a.Y  +  ( 

dv„  y 

*1  2Km 

2VU 

A  £  )  +\ 

dx  ' 

J  * 

liquation  (26)  is  the  equation  cf  the  magnetic  field  of  betatron, 
which  encompasses  all  fundamental  properties  cf  field. 


Potential  function  for  the  electrons  with  any  value  by  the 
constant  c,  characterizatle  energy  cf  the  electron,  which  moves  ir. 
the  field  of  the  action  cf  the  focusing  forces,  is  written/recorded 
in  tne  form 


V«c 


(27) 


This  equation  can  be  expressed  through  potential  function 
"zero  electrons"  (C  =  Q  -{'-ffls.’j*  in  the  fora 


V*c 


(28) 


V „  for 


Page  16. 


Therf-fore  for  calculating  the  field  of  sufficisnt  to  find  the 
solution  of  the  equation  cf  field  with  C  =  0.  Function  V„0  can  be 


expressed  through  vector  potential  A: 


(29) 


Substituting  in  the  equation  of  field  value  A  for  we  obtain 

equation  for  A: 


d»A  ^  _1_  dA_  ,  &A  _  A_ 
dr *  r  dr  di1  r * 


(30) 


Equation  (30)  is  solved  by  separation  of  variables.  Assuming/setting 

A  =  U  (r)  <*  (z)  ,  we  obtain  two  equations: 

=  &  W(z),  (31) 

dz * 

‘PU(r)  J.  J_  .  +  (** - M  U (r)  =  0.  (32) 

dr  *  r  dr  \  r»  / 

Condition  d«rf/dz=0  with  z=0  gives 

W(z)  =  ch  (ft*).  (33) 

Solution  of  the  second  equaticr. 

U(r)  »i40{fl/j(*r)  +Wi(*r)J,  (34) 

where  J^kr)  and  Nv(kr)  -  the  Bessel  function  and  first-order 
Neumann.  The  obtained  solutions  are  utilized  for  calculating  the 
iiald.  *ie  accept  as  the  boundary  conditions  n=n0  on  radius  r=r0  of 
aquiliorium  orbit  and  A=A0  on  this  radius,  tfe  propose  also  that  A0  is 
minimal  on  this  radius.  Then 


^iW  +  WtW-l ; 
aJt'(kr0)  +  bNt'(kr0)  =  (y, 


(35) 
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Lattsr/last  expression  is  obtained  from  equation  (10a)  l. 


FOOTNOTE  i.  Froia  equation  (10a)  we  have  Replacing  Vm  cr.  A, 

dz1  r„> 

we  ontain 


i.a. 

rf  *  tjt 


ENDFOQTNOTE. 

Amplitudes  a  and  b  can  be  date-rained  from  the  equations 

(36) 


aJi  (1  *0)  +  bNt  (1  n0)  -  1; 

aJt'(V*)  +  bAr/(VTo)  =  0. 

Plotted  function  is  constructed  according  to  the  formula,  obtained 
for  from  relationshi ps/ratics  (34)  and  (35): 

V„o  =  ^  ch*  (kz)  [aJt  (*r)  +  WV,  (Ar)]2.  (37) 

It  as  considered  that  A0  for  the  specific  case  remains  constant, 
i.e.,  actually  expression  for  V,,,  takes  the  fora 


'no  _ 


«V/2mca 

=  ch2(Az)  [aJt  (fir)  +  bN,  (*r)p. 


(38) 


Since  t ho  potential  function  has  a  minimum  in  region  r0  both  in  r- 


PAGE 
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and  in  z-directions,  these  graphs  are  frequently  called  potential 
wells.  First  calculate  pits  with  z=0,  then  is  constructed  section 
along  the  axis  z  with  r=r0.  By  the  essential  characteristic  of  pit.  is 
the  area  of  its  section  radial  plane,  i.e.,  area,  included  by 
aquipotsntial,  which  passes  at  the  level  of  the  apex/vertex  cf  th» 
carrier  of  pit.  Ths  section  cf  tetatron  doughnut  must  wholly 
encompass  this  area.  For  the  construction  of  any  equipotentials  is 
taker,  the  fixed  value  of  the  potential: 

v-=ihA'=B'-  |39> 

[page  1  dTJ  The  corresponding  value  cf  vector  potential  will  be: 

V~  -  ]/  ^T8' = ch  <**>  lfl/i  <*>  + 
g-  WV,  (Ar)j,  (40) 


hence 


ch  ( kz )  = 


_ 

A»  (ay,  (*/  )  +  bNt  (*r)| 


(41) 


Then  the  equation  of  equipetential  line 


_  _  J_  » reh _ di _ 

k  A,[aJ^kr)  +  6A't  (*r)J 


(42) 


As  the  theoretical  profile  cf  pcle  is  taken  the  equipotential, 

designed  froa  the  foraula 

sh  (A*)  aJg  (Ar0)  -t-  bNn  (*r„)  . 

sh  (*<u)  +  bNa(kr) 


t 
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Line  is  carried  out  in  such  a  way  that  the  region  of  the  focusing 
forces  wculd  be  completely  enccupassed  by  the  interpolar  space  of 
betatron.  Fig.  1  depicts  ever  the  leng  term  the  potential  function 
(potential  well) .  The  calculated  values  of  this  function  and  the 
theoretical  profile  cf  pel®  are  given  in  Fig.  2.  Per  r„  =  23.7  cm  ar.d 
n=0.S  value  of  values  a,  b  and  k  they  are  equal  to  with  respect 
1.  513,  0.455  and  0.0298. 


SOI  71  i>01 


(2)  nomimiua***#  t*v 


hli 


mum & 


nomemiuaniMkie  (pyrnruuu 

2*%*n 
/j!S 


Fig.  2.  Calculated  (a)  and  a xperieentall y  obtained  (b) 
characteristics  of  aagnetic  field  cf  betatron. 

Key:  (1).  Prof ile/airf cil  of  pole.  (2).  Potential  wells.  (3) 
Potential  functions. 

Page  20. 


Functions  were  calculated  for  z-*0;  2;  4;  6  and  d  c«.  According  to 
such  graphs  are  constructed  eguipctentia 1  lines,  which  are 
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determining  the  boundaries  of  the  region  of  the  focusing  forces  (or 
capture  region)  and  the  bcundaries  of  the  zone  of  the  maximum 
squilibrium  charge  of  beam.  The  theoretical  profile  of  pole  is 
aesigned  for  the  poles  cf  an  infinite  radius.  Therefore  in  the 
mcr.  uf  act  urra  poles  it  is  necessary  to  experimentally  determire  th* 
layout  of  peripheral  part  for  the  compensation  for  the  distortions  in 
the  distribution  of  magnetic  rield  along  the  radius,  caused  by 
magnetic  leakage  fluxes. 

g  J.  Calculation  of  charges  and  currents  of  high-current  betatron. 

Viith  known  the  parameters  cf  the  magnetic  field  of  betatron,  in 
particular  at  the  known  crcss-sectional  area  cf  region  focusing 
forces  in  interpolar  space  of  accelerator,  it  is  possible  tc 
calculate  the  maximum  charge  of  beam  and  the  circulating  currents  of 
high-current  betatron. 

The  maximum  equilibrium  charge  of  beam  is  calculated  from  the 
formula 


where  s  -  sectional  area  of  tne  zone  of  equilibrium  beam.  Per  5 *-230 

K 8 

cm2  and  Umm  *300  ;E/E0=1.5d)  charge  will  compose  Q=5.2*10”*  k,  which 
b 

corresponds  to  a  number  cf  electrons  N=Q/e= 3. 33 *1 0* 3.  This  charge. 
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led  tc  the  end/lead  of  the  cycle  of  acceleration  and  discarded  to  the 

target,  for  exaaple,  in  2«10“7  s,  creates  the  pulse  current,  equal  to 

-  f  =  25.8  a. 

Circulating  in  orbit  current  in  this  case 

/  =  2ttr<>£«fpiL  -  JIL  -836  a.  (45) 

2  w#  2  w« 
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Page  21. 

p s u  1 1 s  are  obtained  taking  into  account  the  proper  magnetic  field  of 
ou n die. 

j4.  Or.  the  calculation  cf  the  prof ila/air foil  of  poles  with 
r.  (r)  =ccr.st  [  3  ]. 

In  the  majority  of  the  operating  betatrons  index  the  drcps  of 
fielu  n  attempt  to  select  by  corstant  within  some  limits  along  a 
radius  o:  pole.  In  the  usual  tetatrcn  at  the  low  value  of  the  ratio 
6„/r0  of  interpolar  gap  6a  to  a  radius  of  the  equilibrium  orbit  r0  in 
the  calculation  is  not  taken  into  consideration  the  curvature  of  the 
lines  of  fcrce  of  magnetic  field  in  the  working  zone  of  accelerator. 
In  the  high-current  betatrcn  ratic  6o/r0~1;  therefore  the  curvature 
of  the  rorce  line  disregarded  should  not  be.  The  approximate 
computation  of  the  prof ile/airf cil  cf  poles  taking  into  account  the 
curvature  of  lines  of  feres  is  produced  as  follows,  we  will  consider 
that  the  index  of  the  drep  of  magnetic  field  does  not  depend  on  r  and 
z #  i*  f 

(46) 
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:  h  -r  r. 


DUt 


Hr  —  nHa  ?  , 


dr  _  Hr 
dt  H, 


(47) 


(48) 


trcni  raiationships/ratios  | u 7 )  and  (48)  let  us  find  the  equation 
o:  the  line  of  force  of  the  magnetic  field 


dt  T 


(49) 


-thence  the  radius  of  curvature  cf  the  line  of  force  of  the  magnetic 
field 


'-TO+^j’V'sr 

-rM'-Mif 
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For  virtually  adopted  values  cf  n  and  with  z/r<1  the  average/mean 
radius  of  curvature  of  the  line  of  force 


P=^ 

n 


Magnetic  field  in  the  interpolar  space  can  be  expressed  as 


H,(r,  0)  -  -2l 
•p 


(51) 


vr.ar?  <£0  -  magnetic-potential  difference  of  the  poles  of 
eloctrcmagnat,  a  -  angular  radian  measure,  reprasented  by  field  lir.3 
bcunaary  by  poles.  Value  n  is  expressed  by  the  foreula 

(52) 

from  equations  (51)  and  (52)  it  is  possible  to  determine  value  of  a: 


*  =  -JL.  SUL. 

H,  4r 
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C 


(53) 


with  r.  (r,  0)  =const 


a  =»  a. 


(rj 


{ 54 ) 


The  vertical  coordinate  cf  polar  surface  can  te  expressed  as  follows: 


r,  (r  -  a) 


where 


-  sin 

./»(/■,  0)  _  2 


(55) 


a  —  — — >h  —cog  -1^-  'l 
*(<M*  V.  *2  ) 


expression  (55)  together  in  (53)  is  called  the  equation  of  the 
profile/airfoil  of  poles.  Acccrdirg  to  formulas  (55)  and  (53)  .  it  is 
possiolo  to  calculate  the  prcf ile/airfoil  of  the  poles  of 
high-current  betatron,  also,  tr.  the  case  changing  from  radius  r,  if 
this  change  is  sufficiently  steady. 


Page  23. 

Ir.  this  case  it  is  assumed  that  n  virtually  dees  not  depend  cn  z  in 
the  working  zone  of  accelerator.  The  profile/airfoil  of  pole  for 
n (r) =const  is  concave,  whereas  for  n,  which  grows  with  r,  it  is 
convex.  Concave  prof ile/airfoil  is  more  convenient  in  form,  sinc« 
into  the  jap  with  such  poles  is  placed  well  accelerative 
chambf r/canera.  »ith  the  convex  prefile/airfoil  of  cavities 


accelerative  chamber/ca mera  mere  badly  is  entered  in  the  aperture  cf 
netatron.  3oth  versions  cf  pref ile/airf oil  prove  to  be  equivalent 
from  the  point  of  view  of  the  maximum  accelerated  number  of 
electrons,  since  the  space  cf  the  region  of  the  focusing  forces  with 
n(r)=ccr.st  virtually  remains  the  same  or  somewhat  greater,  as  for 
case  of  dn/dr>0. 
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Fig.  3.  Two  versions  of  the  prc file/airf oil  of  the  poles  cf  the 
high-current  betatron:  '•  -  a  radius  cf  pole;  r„  -  radius  of 
squiliDrium  orbit;  r  -  radius  cf  the  fracture  of  the  prof ile/air for  1 
cf  pels;  b0  -  gap  on  a  radius. 

Page  24. 

Fig.  3.  show  two  versions  cf  the  pr ofil8/air f oil  of  the  poles 
which  we  utilized  in  the  high-current  betatron  on  25  Mev.  The  upper 
profile/airfoil  corresponds  increasing  on  radius  n,  lower  - 
n(r)=const.  The  diaaeter  cf  central  inserts/bushings  in  the  second 
case  was  somewhat  increased  tor  increasing  maximum  energies  cf  the 


accelerated  electrons 
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Tnus ,  the  aperture  cf  hiyh-current  betatron  and  respectively 
cress  section  of  vacuum  chamber  they  ara  obtained 
approximately/exemplarily  by  an  order  more  than  in  an  ordinary 
jetatron  to  the  same  energy. 
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Page  25. 


Chapter  2. 


;i  I  j  ri  -  7  J  LT  AG  E  INJECTION  CF  ELECTSONS  INTO  A  CHAMBER  OF  A  HIG  H-CHP  R  EV  m 
dETATRON. 


j5.  Identification  of  the  parameters  of  the  pulse  of  the  voltage  cf 
injection  for  the  high-current  tetatron. 

Maximum  equilibrium  electron  charge,  held  by  the  magnetic  field 
ot  netatron,  is  calculated  from  fcriula  (44) ,  from  which  it  fellows 
that  th*  vcltaga  cf  injection  dees  not  have  optimum  value  fer 
obtaining  the  maximum  accelerated  current.  The  real  finite  quantity 
of  current  is  determined  by  limit  cn  space  charge,  which  has 
ccr.creta/specific/actual  value  fer  prescribed/assigned  E.  with  the 
growth  of  E  this  limit  is  crowded  large  Q.  Therefore  the  limit  of 
injection  is  caused  only  fcy  tech,  cal  and  economic  considerations. 

In  the  majority  of  the  operating  betatrons  is  applied  the 
propagated  construction/design  cf  an  injector  of  Kerst's  type  with 
th«  voltage  of  injection  cn  the  erder  of  40-50  kV.  #hen  selecting  of 
thi  vcltagt  of  injection  for  the  high-current  oetatron  on  25-30  M^v 


DOC 


80171502 


PAG* 


4 

is  expedient  to  raise  energy  of  injection  a pproximately/exemplarily 
tsr.  times,  i.e.,  to  accept  £„«*  =  uCC  keV.  With  this  voltage  the 
srzes/Jimensior.s  of  the  system  c £  injection  as  a  whole  do  not  leav« 
the  reasonable  limits  and  is  provided  necessary  dielectric  strength 
or  di vices/equipment  by  usual  'lectrical  materials.  This  increase  in 
the  energy' of  injection  gives  an  increase  in  the  radiation  yield  more 
than  by  an  order,  other  conditions  being  equal.  For  a  betatron 
operating  on  15  HeV  it  was  respectively  selected  equal  to  200 

xeV.  An  increase  in  the  voltage  of  injection  is  desirable  for 
deceasing  the  probability  of  the  shift  of  operating  point  from  tha 
prescrined/assigned  value  (with  n-Q.b)  to  the  nearest  dangerous 
resonance. 


Page  26. 


Change  dn  in  the  effective  value  of  the  index  of  the  drop  of  the 
magnetic  field,  created  by  space  charge  of  bundle,  is  determined  by 
the  re laticnship/ratio 


dn  -  i  _±=JL\ 

W£  (,  'f  ' 


(56) 


where  0  -  charge  of  the  accelerated  bundle;  a  -  radius  of  bundle;  E  - 
rnargy  of  particles  in  the  bundle  fv/c.  From  expression  (5b)  it  is 
clear  that  with  an  increase  in  the  energy  of  particles  upon  injection 
dn  is  proportionally  decreased,  therefore,  is  decreased  the  shift  cf 


DOC 


80171  50,! 


PAGE 


31 

the  operating  point  of  accelerator  from  the  prescribed/assigned 
value . 


An  increase  in  the  energy  cf  the  injected  electrons  is 
accompanied  by  an  increase  in  the  radiation  yield  of  the  betatron  as 
p  result  of  the  reduction  cf  the  losses  of  particles  on  the  atoms  of 
residual  gas,  due  to  the  relative  decrease  of  the  effect  of  magnetic 
Dumps,  etc.  Thus,  only  increase  Eaax  with  the  constant/in varia fcle  to 
the  point  of  injection  /„,  leacs  tc  the  specific  increase  in  the 
intensity  cf  raaiation/emissicn.  However,  the  fundamental  effect  of 
an  increase  in  the  accelerated  current  with  larger  EaaM  is  connected 
with  tne  increase  of  density  pQ  of  the  equilibrium  charge  of  bundle 
in  the  zone  cf  the  focusing  forces  cf  betatron.  This  means  that  into 
accelerator  chamber  with  large  E  can  be  introduced  a  respectively 
larger  number  of  electrons  with  the  total  charge  Q.  Consequently, 
with  an  increase  in  the  vcltage  of  injection  it  is  necessary  in  the 
required  proportion  to  increase  injected  into  the  chamber/camera 
electronic  current  In  works  [4,  5]  it  is  shown  that  current 

with  increase  Eaam  grcws/rises  nonlinearly: 


Aip ci  ^ 


(57) 


where  d,  r  "  relativistic  factors  cf  the  injected  bundle;  R<  -  giver, 
radius  of  the  cross  section  of  region  the  focusing  rcrces;  /?„  - 
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initial  radius  cf  bundle;  r0  -  radius  of  equilibrium  orbit;  I0  - 
constant,  equal  to  1 7 •  1 0 3  to  a. 

Page  27. 

As  is  evident,  the  current  c i  injection  increases  proportionally 
(Pr)  3.  This  value  can  be  recorded  in  the  fora  (v*— 1)%  whence  it 
follows  that  dependence/.,,,.  on^««>«is  analogous  the  dependence  of  tha 
intensity  cf  radiation/emissicn  on  £„„«.  which  from  the  linear 
dependence  with  small  ones  £„,~  passes  into  the  cubic  with  large  ones 
F 

*-  MMX  • 


Such  by  shape,  an  optimum  increase  in  the  intensity  of 
radiation/emissicn  by  increase  £„„»  is  achieved  only  with  the 
appropriate  increase  in  the  current  of  injection. 

The  duration  of  the  interval  cf  capture  cf  electrons  r3  at 
acceleration  is  evaluated  differently  and  as  a  rule,  do  not  exceed 
0.5  ms,  which  corresponds  to  50-1CC  turns  of  electrons  on  the  orbit. 
Thare  are  indications  that  this  interval  can  correspond  in  all  to 
several  turns,  with  multiturn  injection,  which  is  ccmmcnly  used  in 
the  betatrons,  the  duraticn  cf  the  pulse  of  the  volta of  injection 
t„a  always  considerably  mere  than  the  duraticn  of  interval  r3  varias 
for  the  different  accelerators  in  the  range  from  1.5  to  10  ps. 
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The*  duration  of  injection  pulse  in  the  limits  from  1.5  to  3 
it  is  possible  to  consider  completely  of  a  sufficient  and  for  the 
case  multiturn  high-voltage  ir.jecticn  in  the  high-current  betatrons. 

Should  ba  also  examined  a  question  about  the  pulse 
s j nchronization  of  the  voltage  of  injection  (relative  to  the  level  of 
magnetic  field)  with  the  large  amplitude  of  current.  The 
inpulses/momenta/pulses  of  negative  voltage,  supplied  to  the  cathode 
of  electron  gun,  are  generated  by  th6  special  diagram  of  injection. 
Er.argy  of  the  electrons,  introduced  into  accelerator  chamber,  it  is 
necessary  tc  match  with  a  value  cf  magnetic  intensity  in  orbit  and 
its  racius.  Ths  quantitative  ccnnecticn/communicaticn  between  thes& 
values  in  the  nonrelati vistic  case  is  determined  by  the  condition  of 
the  injection 


where  t„m  -  moment/torque  cf  injection,  calculated  off  the 
mcaer.t/torq ue  of  transiting  the  magnetic  flux  through  the  zero  value, 
►js:  U„m  -  the  voltage  of  injection,  in;  H0  -  magnetic  intensity  in 
orbit  of  radius  r0,  cerst. ;  fi  -  angular  fraquency  of  the  feed  of  tha 
electromagnet  of  betatren. 


Page  23 
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From  condition  (58)  it  follows  that  voltage  and  the  momeat/ter ]us  of 
injection  must  be  matched  with  the  design  parameter  of  accelerator 
(H  0,  r0,  Q0)  .  This  agreement  is  acccmplished/realized  by  a  change  ir. 
acitei  t/torgue  or  voltage  of  injection.  Since  for  obtaining  the 
maximum  intensity  of  radiaticn/emission  we  attempt  tc  work  with  the 
largest  possible  voltage  cf  injection,  then  the  fundamental 
controlled  parameter  must  be  the  mcsent/torque  (phase)  of  injection. 
The  required  precision/accuracy  of  the  pulse  sinchrcnization  cf 
injection  relative  to  the  level  cf  magnetic  field  in  orbit  depends  on 
the  parameters  of  the  magnet  cf  fcetatron  and  cn  the  parameters  of  the 
im puls“/mcmentum/pulse  cf  injection.  The  precision/accuracy  of 
synchronization  in  the  time  units  can  be  expressed  as  follows.  Let  us 
assume  that  the  input  time  of  electrons  in  ortit  cf  betatron  is  known 
and  it  is  equal  approximately  tc  1  ps.  Then  with  a  precise  constancy 
of  the  amplitude  of  the  ceiling  vcltage  and  strength  of  field  in 
orbit  it  is  possible  to  allow  time  scattering  of  0.1  ps  (lOo/o  of 
entire  input  time).  In  actuality  the  amplitude  of  ceiling  voltage  and 
the  amplitude  of  field  in  orbit  will,  as  a  result  of  one  or  the  ether 
reasons,  test/experience  divergences.  It  is  of  interest  tc 
rate/estimate  the  degree  cf  accuracy  with  which  it  is  necessary  to 
support  the  constancy  of  these  values. 
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The  condition  of  injection  (58)  can  be  recorded  in  the  fcrm 

,5», 

whars  K  -  proportionality  factor,  which  includes  constant  values  r0 
and  Q;  U  -  voltage  of  injection;  Ha  the  amplitude  of  magnetic 
intensity  at  the  moment  of  injection  t.  Differentiation  gives 

dU  =  2KHJ  tdt  +  2 KHU  t *  dHa.  (60) 

After  dividing  expression  (60)  cn  (5*) ,  we  will  obtain 


~  =  2  —  o  dH- 
U  t  ‘  *  hm 


(61) 


or,  passing  to  the  finite  difrerences. 


-4r~  ”  2  —  +  2 
u  *  Ha 


(62) 


Page  29. 


Taxing  into  account  that  the  divergences  of  values  can  be  into  both 
sides,  expression  (62)  should  be  recorded  in  the  form 


4 £ 

U 


± 


2 \t 
t 


2  \H M 

«- 


0 


(63) 


Kith  tne  voltage  of  injection  on  the  order  of  300-400  Jc V  for  the 
netatron  on  25  aeV  (r0  =  24  ca)  the  tine  lag  of  the  monent/tor que  cf 
injection  relative  tc  the  aoaen t/tcrque  of  zero-field  (phase  of 
injection)  composes  value  on  the  order  of  100  ps  (it  is  aore  precise 
than  87  ps)  .  Hence  it  follows  that  with  MiJHa~  0  and  40/U=0  and  tha 
assumption  of  tine  scattering  of  0.1  ps  with  the  input  time,  equal  to 
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1  jjf,  At/t=0.1o/o.  With  tha  divergence  of  all  valuas  resultant  error 
must  not  exceed  this  value  (O.lc/c).  Than  in  the  worse  case 

+  2  -f-  2  4  0,00! .  (64, 


During  the  use  of  the  modern  delay  circuit  it  is  possible  tc  ensure 
precision/accuracy  At/t  =  0.  Ic/c.  From  inequality  (64)  it  is  evident 
that  this  precision/accuracy  can  he  observed  only  with  AU/U=0  and 

—  0.  with  the  high  energies  in  the  axtreme  relativistic  case  is 
correct  the  expression 

U  =  300 Wr, 

from  wnich  analogously  it  is  possible  to  obtain  relationship/rat ic 
(assuring  that  H *=  Hu  sin uit  and  u  =  ccnst) 


where 


A£_  ,  MU  ,  A t_  <9 
u  "r  Hm  t  " 


low  value. 


(65, 


From  inequality  (65)  it  follows  that  in  the  relativistic  case  of 
requirement  fer  the  precisicn/accuracy  the  constancies  of  values 
descend.  For  us  greatest  interest  is  of  the  intermediate  velocity 
oand  of  electrons,  in  which  the  amplitude  of  field  and  time  lag  ars 
connected  with  the  relaticnship/ratic 

t/—  ^0(26  +  (3rHm)2$in3*t‘  10-*  —0,51,  (66) 

where  U  -  voltage  (amplitude)  cf  injection,  PieV ;  -  amplitude  cf 

magnetic  field  in  orbit,  G,  r  -  radius  of  orbit,  cm;  u  -  angular 
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frequency,  rad/s. 


Page  30. 


Tne  connection/communicaticn  between  the  errors  in  this  case- 
will  t£  mere  com plicatedl y ;  hewever,  for  the  practical  calculations 
it  is  possible  to  use  inequality  (64),  which  gives  a  somewhat 
increased  on  the  precisicn/accuracy  result. 

It.  usual  betatrons  by  15-25  t*ev,  working  at  the  frequency  50  Hz, 
the  requirements  for  the  precision/accuracy  of  constancy  of  values 
son-.ewr.at  descend,  but  it  is  insignificant.  However,  experiment  shows 
that  ir.  the  majority  of  the  cases  easily  is  reached  the  satisfactory 
worn  even  at  the  oscillaticn/vikration  of  line  voltage  within  limits 
of  2-3o/o.  This  is  explained  by  the  fact  that  in  the  betatron  can  be 
created  the  conditions  for  the  automatic  fulfillment 
relationships/ratios  (63)  as  a  result  of  thrse  factors.  The 
commutating  instrument  cf  the  diagram  of  injection  is  started  usually 
oy  the  voltage  pulse  frem  the  peaked-wave  device  (picker). 

The  shape  of  the  pulse  of  the  voltage  of  this  sensor  with  an 
increase  of  the  amplitude  of  alternating  current  in  the  field  coils 
of  magnet  changes  so  that  the  i mpulse/momeatum/pulse  becomes 
narrower,  and  its  amplitude  increases.  If  we  assign  the  specific 
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level  of  functioning,  then  it  is  possible  to  obtain  the  automatic 
decrease  of  the  pulse  delay  cf  the  voltage  of  injection  with  the 
increase  of  field.  To  this  contributes  also  a  corresponding  increase 
it  the  amplitude  of  the  voltage  of  injection  with  the  increase  of 
line  voltage,  which  leads,  in  turn,  to  the  earlier  functioning  of  th 
diagram  of  injection  with  the  insufficiently  steep  wave  front  of  the 
igniting  impulse/momentua/pulse  cn  the  grid  of  the  commutating 
instrument.  However,  the  role  of  the  second  factor  is  small  in 
comparison  witn  the  first.  The  nonstabilizad  bias  voltage  attempts, 
on  tne  contrary,  to  increase  delay  in  the  case  of  the  increase  of 
line  voltage.  During  the  specific  combination  of  these  three  factors 
it  manages  via  the  series/rew  cf  the  tests/samples  to  obtain 
automatic  mutual  compensation  and,  therefore,  the  relatively  stable 
operation  of  betatron.  But  even  during  this  selection  betatron  works 
insufficiently  stably,  the  insignificant  "drift"  of  the  parameters 
causes  the  fluctuations  of  the  average/mean  radiation  level  in  the 
large  range,  which  requires  the  continuous  tuning  of  oetatren  in  the 
process  of  work. 


Page  J1. 

with  the  large  amplitude  cf  ceiling  voltage  the  injections  cf 
requirement  for  the  precision/accuracy  of  synchronization  are  raised 
anu  accordingly  are  raised  requirements  for  the  electronic 
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synchronizing  units.  The  insufficiently  good  pracisior./accur  acy  of 
synchronization  can  lead  to  the  high  expenditures  of  time  during  the 
adjustment  of  accelerator  for  optimum  radiation/emission,  especially 
with  tns  worn  of  betatron  in  the  mode/conditicns  of  single 
i a pulses/mo ment a/pu lses .  On  the  tasis  of  the  aforesaid,  requirement  , 
they  are  presented  to  the  high-vcltage  sultiturn  system  of  injection 
ir.  the  high -current  betatron,  we  can  briefly  formulate  as  follows. 

1.  voltage  with  which  electrons  are  injected  into  cham ter/cairora 
of  accelerator,  must  be  apprcxi aately  400  and  200  kv  for  25  and  15 
MeV  cf  betatron  respectively. 

2.  Current  of  injection  must  te  order  8-15  A  in 

impulse/momentum/pulse  fcr  duration  of  pulse  1.5-3  Taking  into 

account  that  the  large  part  of  the  injected  against  gun  current 
perishes  on  the  chamber  walls  and  the  parts  of  injector 
ievice/equipment ,  the  full  current  for  which  should  be  designed  the 
system  of  injection,  it  «ust  te  40-100  a  in  the 
impulse/momentum/pulse. 

3.  To  provide  possibility  cf  shape  control  of 
impulse/momentum/pulse  in  some  limits  for  investigation  of  effec*  of 
shape  of  pulse  of  voltage  of  injection  on  capture  of  electrons  in 
betatron  with  high  energies  of  intr cduct ion/icput. 
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4.  injector  de v ice/equi pae rt  must  give  electron  beam  with  small 
(order  of  1-2°)  angle  of  divergence  for  guaranteeing  best  conditions 
fcr  acceptance  cf  electrons  in  acceleration. 

5.  Electronic  device,  which  controls  mcment/torque  of  cycling 
electrode  voltage  of  gun,  aust  provide  necessary  precision/accuracy 
of  synchronization  and  continuously  variable  control  of  phase  of 
injection.  The  satisfaction  of  these  requirements  presents 
sufficiently  nore  technical  difficulties,  connected  mainly  with  the 
guarantee  of  dielectric  strength  of  the  sections  of  the  insulation  cf 
injector  device/equipment,  the  elimination  of  the  electrical 
breakdown  of  air  and  vacuum  gaps/intervals,  limitation  of  the  onset 
of  corona  on  tha  high-vcltage  current-carrying  elements/cells  cf 
devica/equipment,  and  alsc  with  the  creation  of  the  high-voltage 
g&n°rator  of  tha  large  pulse  currents  whose  power  reaches  several  ter. 
megawatts. 

Page  32. 

is  sufficiently  difficult  alsc  the  development  of  the  injector,  which 
makes  it  possible  to  obtain  electronic  currents  of  the  large  density, 
necessary  for  guaranteeing  the  required  current  of  injection  with  the 
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voltage  on  the  electron  gun,  that  is  200-400  kV. 

96.  Oscillator  circuit  of  the  high-voltage  impulses/mcmenta/pulses  of 
injection. 

There  are  several  possible  versions  of  the  oscillator  circuit  of 
the  pulses  of  the  voltage  cf  the  injection: 

1.  Schematic  of  discharging  the  forming  line,  preliminarily 
charged/loaded  from  the  source  cf  high  voltage  to  design  stress  cf 
the  primary  winding  cf  peak  transformer  (30-60  kV  in  the  case  of 
high-rurrent  betatrons)  through  the  commutating  elements/cells  of  the 
type  cf  the  controlled  discharger/gap  with  the  high  stability  cf  the 
functioning,  which  ensures  the  commutation  of  current  in  amplitude 
1.5-2  kV  with  the  work  in  the  mcde/conditions  of  single 

impulsa s/momenta/pulses  and  with  f=5Q  Hz  or  special  gas-discharge 
lamp  (for  example,  hydrogen  thyratron  TG 1-2500/35)  . 

2.  Diagram,  made  on  modulator  tube  with  full  charge  of 
capacity/capacitanca  and  with  partial  discharge  of 

capacity/capacitance.  Diagram  makes  it  possible  to  regulate  th*^  shape 
of  the  pulse:  the  duration  of  fronts,  the  drop  of  flat/plane  part, 
and  also  its  duration. 
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3.  Diagram  of  transf crmaticn  cf  impulses/momenta/pulses  with  *•  h® 
aid  of  system  of  lines  with  different  wave  impedance.  Possibly  also 
the  us&/a pplication  cf  cascade  transformers  or  resonator 
accelerators,  which,  however,  tco  complicates  the  system  of 
injection. 


The  schematic  diagram  of  icjection,  accepted  as  the  standard  for 
the  high-current  betatrons,  is  given  in  Fig.  4.  Diagram  works  as 
follows.  The  capacitors/condensers  of  the  forming  line  are  charged 
from  the  charge  transformer  through  the  valve/gate,  charging  resistor 
and  primary  winding  of  peak  transformer  during  the  action  of  the 
positive  wave  of  voltage.  The  discharge  of  the  forming  line  tc  t hi 
primary  winding  of  the  peak  transformer  througa  the  commutating 
instrument  is  done  when  cn  the  ancde  of  valve/gate  is  the  negative 
potential  relative  to  the  "earth/greund".  The  moment/torque  cf 
discharge  is  controlled  ty  special  sy nehrenizing  circuit. 

Page  33. 

In  secondary  winding  cf  peak  transformer  appears  the  narrow  pulse  of 
high  voltage,  supplied  tc  the  electrodes  of  the  gun  cf  betatron,  with 
the  appropric'  :  phasing  the  processes  in  the  charge  and  discharge 
circuits  proceed  at  the  differert  moments  of  time,  and  their  duration 
is  sharply  different;  therefore  processes  can  be  examined  separately. 
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The  discharge  circuit  ct  diagram  consists  of  the  accumulatcr/storage 
of  energy  (capacitor/condenser  cr  the  forming  line),  peak  transformer 
ani  switching  de vice/equipment  (electronic,  either  gas-discharge  tube 
or  discharger/gap).  The  procedure  cf  calculation  of  the  elements  of 
the  network  cf  the  injection  cf  betatrons  is  developed  by  7.  3azin 
[  6  J  for  the  usual  betatrons  TPI  =60  kV)  and  is  applicable  in 

essence  for  ths  high-voltage  injection  in  the  high-current  betatrons. 

The  special  feature/peculiarity  of  the  system  of  injection  of 
nigh-current  betatron  lies  in  the  fact  that  the  voltage  generator 
must  ensure  the  stable  generation  cf  the  very  powerful/thick  pulses 
of  voltage  (ho  MM  in  the  impulse/mcaentum/pulse  for  the  high-current 
stereobetatrcn  cn  25  MaV).  This  special  feature/peculiarity  5s 
reflected  in  constructive  solutions  during  the  planning  and 
realization  of  both  separate  assemblies  and  entire  generator  as  a 


whole 
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Fig.  4.  Schematic  diagram  of  infection  for  the  high-curr er.t 
betatrons. 

Key:  (1).  To  tha  electron  gun.  (2).  kV. 

Pag*  34. 

5 7.  Introduction  system  cf  electrons  into  the  chaaber/camera  cf 
high-currant  betatron  (in jectcr-inf lector  dav ice/equrpment) . 

Kerst's  usual  injector  allcws/assua es  the  use/application  of 
voltages  of  injection  net  more  than  100  kV.  With  more  high  voltages 
the  usa/a pplication  of  this  injector  virtually  is  eliminatco  due  to 
tha  insufficiency  of  dielectric  strength  of  d evice/equipmant.  In  the 
high-current  betatrons  as  the  injector  are  applied  several  types  of 
three-alactrcde  electron  guns  at  the  voltage  from  200  to  400  kv. 
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Since  the  geometric  dimersicns  cf  gun  are  sufficiently  great,  and  the 
elements  of  construction/design  contain  the  sufficiently  large  masses 
of  metal,  injector  is  arranged/lccated  beyond  the  limits  ct  +ha 
working  zone  cf  the  interpolar  space  of  betatron.  The  carrying  out  of 
injector  from  the  working  zcne  cf  accelerator  caused  use/ap?lication 
ir.  all  cases  of  special  supplementary  input  equipment  -  inflector. 
Inflector  is  fulfilled  it  the  form  cf  cylindrical  capacitor/ccn denser 
and  is  intended  for  wiring  and  rotation  of  the  injected  by  gun  bundle 
tangentially  to  the  instantaneous  orbit  of  electrons  at  the  moment  of 
injection.  All  developed  injectcr  devices/equipment  consist  cf  th? 
end-type  three-electrode  gun,  carried  out  frou  the  working  magnetic 
field  of  betatron  and  electrostatic  inflector,  which  leads  electron 
beam  into  the  capture  region. 

The  fundamental  eleaents/cells  of  electron  gun  and 
interelectrode  distances  preliminarily  can  be  calculated  employing 
the  procedure,  used  fcr  calculating  the  guns  of  pier,  utilizing  the 
known  prescribed/assigned  parameters:  accelerating  anode  voltage  U, 
and  beam  current  1.  The  design  parameters  of  gun  are  determined  from 
tha  following  consi derations,  we  will  consider  that  the  axially 
symmetrical  electron  beam  has  a  section,  approximately  equal  to  the 
emitting  surface  of  cathode  S,  The  distance  between  the  anode  and  the 
cathcda  let  us  designate  d.  The  ccnnection/coamunicaticn  tetwe-r.  the 
current  density  j,  voltage  U,  acd  distance  d  takes  the  form  of  *r.own 
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"thrpe  halves  power  law": 


j  =  A 


V, 


M2 


(67) 


where  A  =  ~-.*o  V&i  “  2,33- 10~* ;  n  —  eim  ~  charge  to  mass  ratio  of  electron. 
Considering  system  cathode  -  ancde  as  the  par all el- plate  capacircr, 
infinitely  extended  along  the  axes  x  and  y,  we  obtain  potential 
distribution  along  Z-axis  in  the  form 


VU)  /  ±\* 
£/,  \  a  I 


(68) 


where  z  -  distance  from  the  cathode  to  the  point  in"  question;  'J  (z)  - 
potential  at  this  point  (on  anode  z=d) .  It  differentiated  expression 
(63),  let  us  find  electric  intersity  xn  the  plane  of  the  anode 


p  _ _ ^  t1, 

•  3  '  a 


(69) 


For  the  compensation  for  the  Coulomb  expansion  of  bundle, 
emitted  by  the  cathode  of  finite  dimensions,  is  introduced  the 
focusing  electrode  in  the  form  c£  cone  with  vertex  half-angle 


e- 


—  6,75°, 


by  characteristic  for  all  systems  of  the  obeying  the  law  three 
second. _The  form  of  the  ancde  is  determined  equipotentially  «lectric 
field  U,^Ut  virt  ua  11  y  the  form  cf  the  focusing  electrode  and  anode 
car  be  simplified.  In  particular,  for  the  injector  of  the  betatron, 
into  which  the  introducticn/input  cf  electrons  into  the 
chamber/caaera  is  accompl  ished/realized  with  the  aid  of  the  inflecto 
(i.  e.  the  layout  of  bundle  to  a  considerable  degree  is  determined  by 
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the  parameters  of  inflectcr,  bat  net  by  the  form  of  the  electrodes  of 
injector),  it  is  possible  to  allow  the  use/application  of  the 
focusing  electrode  and  anede  in  the  form  of  flat/plane  diaphragm. 


Page  3t>. 


The  important  characteristic  cf  electron  beam  is  perveance 
determined  by  the  relation 


P  - 


(70) 


P# 


or  microper veance  determined  fcy  equality  p—p,*  •  10-f  since 
current  density  ;  =  //S,,  free  relaticnship/ratic  (67)  we  will  obtain 


/  2.33- Hr4  U** 

sT  ~ 


(71) 


whence 

<P  ^  2.33  ^  (72) 

St  Pp 

and 

— 

Values  (/,  and  1  are  assigned.  Therefore  for  determining  of  d  it  is 
necessary  to  know  the  area  of  cathcdeSr.  in  our  injectors  cathodes  it 
was  made  in  the  form  of  spirals  from  the  activated  tungsten  wir^,  a 
number  of  spirals  n, .  The  necessary  area  of  cathode  can  be  tentatively 
determined,  if  is  known  the  required  current  of  injection  and  the 
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specific  emission  of  electrons  frcm  the  surface  of  cathode.  Valued 
is  determined  from  the  formula 

5.  =  S<nnt  =  ZssJssl - —*—= -  cm*.  (73) 

'*  —  (4,3»  f  £  -  bj 

AT*  e 

here  E  -  intensity/strsngth  of  the  accelerating  electric  field  in 
cathode,  V/c  to;  I  -  current,  emitted  by  cathode;  SCi  -  emitting  area  of 
one  cf  n,  the  spiral  cathodes;  T  -  absolute  temperature  of  cathode; 
b0  A  -  tabular  constants  frea  werk  [7], 

For  the  conclusion/cutput  ci  electrons  from  the  gun  in  its  anode 
is  made  the  opening/aperture.  The  anodic  opening/aperture  of  gun 
operates  on  the  bundle  as  the  streng  diverging  lens,  as  a  result  cf 
the  "sagging”  of  equ ipotential  surfaces  cf  electric  field  insid*  the 
opening/aperture.  Appearing  transverse  component  or  electric  field 
deflects  electrons  frcm  the  axis/axle. 

Page  37. 

For  determining  the  angle  of  departure  the  outer  beam  electrons 
from  the  anodic  opening/aperturc  tie  will  use  formula  for  the  focal 
length  of  thin  electronic  lens 


where  E,  -  strength  of  field  tc  the  left  of  the  plane  of  lens,  and  e2 


-  tc  the  right  (2-axis  is  directed  from  left  to  right).  Approximately 
it  is  possible  to  consider  that  E*=0,  and  £,  =  £a.  After  substituting 
‘  expression  (69)  in  (74),  we  will  attain  F=-3d.  Minus  sign  indicates 

the  scattering  action  of  the  lens  whose  focus  is  arranged/lccated  to 
[  the  left  of  the  plane  of  the  anode.  Then  the  angle  of  departure  of 

electrons  v.  from  the  anodic  opening/aperture  is  determined  by  the 
equality 


tgg.  = 


(75) 


where  r ,  -  raaius  of  bundla. 


I  Using  expression  (75),  it  is  possible  to  determine  a  radius  of 

our, die  r,  after  output  from  tfce  gun  at  the  prescribed/assigned 
distance  of  1  from  the  anodic  diaphragm.  If  the  inflector 
aevice/equipment  is  established/installed  at  a  distance  1,  then  the 
distance  between  the  inflector  plates  at  the  input  of  beam  in*c  the 
inflector  (when  into  the  slot  cf  the  inflector  device/equipment  must 

i 

enter  entire  bundle  from  the  gun)  it  is  determined  by  the  value  cf 
order  2 r,. 

Th«  parameters  cf  the  inflector  device/equipment  are  determined 
from  the  condition  for  electron  motion  along  the  circular  path  in  the 
electric  field  of  cylindrical  capacitor  in  the  presence  of  the 
perpendicularly  superimposed  weak  magnetic  field  cf  betatron. 
Electrons  with  a  mass  cf  ir0  and  speed  v0. 


entering  into  electric 
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field  by  intensity/strength  E  of  the  cylindrical  capacitor,  located 
in  the  edge/boundary  magnetic  field  cf  be tatren  by  intensity/str er. gt h 
H,  can  move  over  the  circular  path  of  radius  rt  =a  during  th<=- 
selection  of  tha  corresponding  intensities/strengt h  cf 
electromagnetic  fiald,  Frcm  the  condition  of  equilibrium  cf  forces 
which  operate  on  the  particles  in  the  field  of  capacitor,  we  have 

iUM  tv„H 

a  /?,  '  e  ’  ('<>) 

where  Utom  -  voltage  drop  across  capacitor  plates,  and  R,  and  R2  - 
radii  of  curvature  cf  capacitor  plates. 
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between  the  plates  of  capacitor.  Concrete/specific/actual  valua  U ,<* 
depends  on  the  distance  between  the  plates  of  inflectcr  and  the  angle 
*,  to  which  it  is  necessary  to  turn  the  injected  bundle  for  its 
introduction/input  into  the  chamber/camera  tangentially  tc  the  crbit 
of  injaction. 

Is  obvious,  injector  device/equipment  to  the  voltage  200-400  kV 
-  not  only  electron-optical  system,  but  also  the  high-voltage 
device/aquipment.  Therefore  during  the  construction  of  injector  we 
were  directed  for  the  conventional  high-voltage 

constructions/dssigns,  taking  into  account  the  special  requirements, 
presented  by  technical  assignment  tc  the  separate  copies  cf  injectors 
(limitedness  of  overall  dimensions,  the  absence  of  electrical 
breakdowns  on  the  vacuum  gaps/intervals  and  on  by  the  surfaces  of 
dielectric-insulators,  the  absence  cf  the  corona  of  lead  wires  and 
cables,  etc. ) . 

Injector  is  connected  up  to  the  accelerative  chamber/camera  with 
the  aid  of  the  bellows  transition/ junction.  Inflector  is  hinged 
attached  to  the  anode  cf  electron  gun. 

Page  39. 


The  special  bellows  de vice/equipment,  mounted  in  the  back  er.d/faca  of 
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electron  gun,  makes  it  possible  tc  change  the  submersion  depth  of 
cathcde  on  the  focusing  electrode  and  the  distance  between  the 
focusing  electrode  and  the  ancde  without  the  deterioration  ir.  vacuum 
in  the  chamber/camera.  Thc3,  ccnstr uction/design  of  injector 
device/aqtiipment  gives  the  possibility  to  produce  the  necessary 
adjustments  of  the  position  cf  injector  and  interelectrode 
gaps/intarvals  directly  on  the  working  betatron  during  the  adjustment 
of  installation  to  the  cptiaue  output  of  breh asstralung  emission. 

Is  analogously  designed  bigh-vcitage  injector  on  350-400  kV  for 
the  pulse  betatron  on  25  MeV.  A  difference  only  in  the  fact  that  th: 
inflector  is  not  connected  directly  with  the  anode  of  gun  ar.d  the 
insulators  of  injector  have  large  sizes/dimensions.  Usually  cathode 
is  manufactured  in  the  form  of  the  tungsten  spiral,  covered  will 
oxidize  thorium.  For  obtaining  the  necessary  current  of  injection 
with  high  voltages  of  the  introduction/input  cf  electrons  wert 
established/installed  several  spirals,  connected  in  parallel.  A 
quantity  of  spirals  varied  frea  five  to  twelve.  Injector 
device/equipment  provided  obtaining  the  current  of  injection  into 
several  amperes  (to  the  output  from  the  inflector)  .  Is  working 
voltage  on  the  inflector  60  kv.  Divergence  of  beam  at  the  output  from 
the  inflector  does  not  exceed  2-4°. 


Tne  appearance  of  the  injectors  of  high-current  betatrons  and 
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st erecaetatrons  is  shewn  in  Fig.  5. 

Ths  im pulsa/moment um/pulse  of  inflector  voltage  has  flat/plan-5 
apex/vartex,  and  its  duration  exceeds  the  duration  of  injeetjer. 
pulse.  Under  these  conditions  the  adjustment  cf  betatron  tc  the 
optimum  intensity  of  radiation/emission  proves  to  be  most  simple  and 
light.  Experience  of  operating  high-current  betatrons  showed  that  the 
voltaga  pulse  on  the  inflector  must  somewhat  advance  the  voltage 
pulse  on  the  injector.  In  this  case  is  provided  stable  work  cf  the 
accelerator.  In  the  usual  betatrons  the  voltage  of  injection 
oscillates  from  20-30  to  70  kV  and  up  to  the  moment/torque  cf  nutting 
into  operation  of  the  first  high-current  betatron  (in  I960)  if  does 
not  reach  100  kv.  Therefore  was  carried  out  the  experimental  chnc*  of 
the  dependence  of  radiation  yield  cn  the  voltage  of  injection  [19]. 

Page  40. 

The  voltage  of  injection  was  measured  with  the  aid  of  the 
lew-distortion  divider  into  5000  ohms,  which  consists  of  the  Nichrome 
wire  with  a  diameter  of  0.1  mmr  packed  bifilar  in  the  special 
slots/grooves  cn  the  subdivided  rod  of  the  fiberglass,  with  each 
change  the  voltages  of  injection  installation  adjusted  slightly  on 
the  optimum  operating  mode  by  the  adjustment  cf  injection,  phas^  ind 

amplitude  of  voltage  on  the  inflectcr  and  filament  current  cf  the 
cathode  of  injector. 
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Fig.  5.  The  general  view  cf  injectors  to  400  (a)  and  200  (b)  kY. 

Page  41. 

The  voltage  of  injection  varied  with  staps/stages  on  20-dO  .< v  from  SO 
tc  250  kV.  The  measurement  of  the  radiation  dcse  rate  was  mad”  wicr. 
the  aid  of  ionization  chanter  tj  the  working  volume  cf  20  ca J 


with 
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the  Plexiglas  wail  cf  equilibriua  thickness  and  standard  dosimeter  o 
the  type  "^actus".  Pig.  6  depicts  the  dependence  of  the  intensity  of 
raaia tion/em ission  I-,  in  relative  unity  on  the  voltage  of  injection, 
constructed  according  tc  foraula  {44}.  On  the  graph  ty  small  squares 
are  clotted/applied  the  experimental  points,  obtained  in  worx  [9] 
with  the  voltage  of  injection  tc  50  lev.  Circles  designated  the 
points,  obtained  by  us  on  the  high-current  betatron. 
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Pig.  6. 


z  *  S  t  10*  1  U  6  i  70J 

UtlMM'  *0 

Dependence  of  cn  the  voltage  of  injection. 


Xey  :  (1 )  .  rel.  un. 


Page  42. 

The  obtained  results  indicate  that  to  the  voltage  of  inject?or. 
in  50  the  intensity  cf  radiaticn/emission  increases  in  accordance 
with  theory  [4,  5  ],  and  with  voltage,  actually  utilized  in  cur 
betatrons,  the  intensity  cf  radiation/enission  increases  with  growth 
£/„„«  r.o  longer  linear,  tut  to  the  degree,  close  to  two  (it  is  more 
precise,  is  proportional  t/lH8,).  Thus,  increase  for  an  increase  in 

the  intensity  of  the  radiation/eaission  of  betatron  completely 
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justified  itself  in  practice.  The  tests  of  the  system  of  injection  on 
the  operating  high-current  betatrons  showed  that  developed  surgt 
generators  and  injactor  high-voltage  devices/equipment  provide  the 
required  parameters  of  the  injected  electron  team  both  on  the  energy 
and  or.  the  current.  Is  considered  fcy  advisable  further  increase  in 
the  voltage  of  injection  in  the  betatron  up  to  1000  kV  and  i*  is 
above,  where  this  dependence  passes  into  tha  cubic,  however,  by  this 
method  appear  the  considerable  technical  difficulties,  connected  wi*h 
the  guarantee  of  the  necessary  electrical  strength  of  the  system  of 
injection  and  with  obtaining  of  the  high  currents  of  injection. 

It  is  necessary  to  note  also  that  further  increase  in  the 
voltage  of  injection  in  the  tetatren  makes  sense  only  during  the 
elimination  of  the  lateral  instability  of  bundle,  which  occurs  in  the 
high-current  betatron  (see  Chapter  4) . 
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Page  43. 

Chapter  3. 

SYSTEM  OF  SHIFT  OF  ACCELERATES  ELECTRONS  PROM  EQUILIBRIUM  ORBIT  TO 
TARGFT. 

In  the  majority  of  the  operating  betatrons  the  shift  of  the 
accelerated  electrons  frci  the  equilibrium  orbit  to  the  target  is 
acccmplished/raalized  by  the  special  electronic  circuit,  which 
creates  one  or  the  other  change  in  the  distribution  of  magnetic 
fields  in  the  interpolar  space  of  betatron.  This  change,  which  leads 
to  the  dist urbance/brea kdewn  cf  betatron  relation  2:1,  is  usually 
acr.ievec  by  the  generation  of  current  pulse  in  the  displacing  winding 
at  tne  discharge  through  it  cf  {re limina rily  charged/loaded  capacitor 
oank.  Bias  coil  is  arranged/lccated  in  the  interpolar  space  of 
accelerator  and  depending  on  the  method  of  the  shift  or  electrons  is 
fulfilled  in  the  different  geometric  versions,  widest  use  receive-} 
those  methods  of  the  shifts  which  lead  to  the  expansion  of 
equilibrium  orbit  and  the  "discharge/break"  of  the  accelerate 
electrons  on  external  target,  arrarged/located  on  radius  >r0.  The 
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dischar ge/b reak  of  electrons  to  external  target  proves  to  be  most 
desirable  for  conducting  of  practical  investigations  on  the  betatron. 
Therefore  in  the  high-current  betatrons  the  shift  of  th»  accelerated 
electron  beam  was  produced  predominantly  to  external  target. 

Th9  expansion  of  the  orbit  of  the  accelerated  electrons  can  bo 
obtained  by  two  methods:  by  an  additional  increase  of  the  magnetic 
flux  in  the  circle  of  radius  r,  i.e.,  by  an  increase  in  the  rate  of 
growth  of  the  accelerating  magnetic  field  of  betatron,  and  by 
weakening  magnetic  field  in  an  equilibrium  orbit.  In  the  first  case 
the  electrons  acquire  supplementary  energy  due  to  circuital  field  of 
a  supplementary  increment  in  the  magnetic  flux  within  the  orbit  and 
is  begun  motion  along  the  developable  spiral  to  r„,  where  is 
arrangad/located  target.  In  the  second  case  the  energy  of  electrons 
remains  in  effect  constant  and  an  increase  in  the  radius  cf  emit  it 
occurs  due  to  field  weakenirg  ir  operating  region  of  accelerator. 


Page  44, 


An  increment  in  magnetic  flux  Ad),  required  for  an  increase  ir. 
:he  radius  of  orbit  by  value  A/’-r*  +/■„,  j_s  determined  according  to  th< 


expression 


A<D„  =  2-Hnriln 


1  -  n 
2 -n 


('•?”"  “  '•o'"), 


(80) 


wears 


magnetic  intensity  cn  radius  r0; 


n 


index  of  the 


Ir  op  of 
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magnetic  field.  Or 


w  hprs 


2fL 

*0 


(1  -*)—  , 
r0 


*o  =  2itr#2  Ht. 


(81) 


Daring  the  lccation  cf  turns  it  is  direct  on  the  central 
inserts/bushings  for  determining  the  increment  in  the  induction  A30 
in  orbit  at  the  moment  of  the  shift,  required  for  change  rQ  to  value 
hr,  it  is  possible  tc  use  the  analogous  expression 

=  (1  -/*)-£!  .  (82) 

Bt  r, 

if  the  turns  of  the  displacing  winding  encompass  only  the  shaped  part 
of  the  poles,  the  necessary  charge  AH0  in  the  strength  of  field  is 
determined  according  tc  the  expression 


(83) 


or 

— ^--(l-«)  — •  (84) 

tiff  f o 

Minus  sign  indicates  weakening  of  the  strength  of 
increase  in  the  radius  cf  crfcit. 


field 


with  an 


In  the  usual  betatrons  the  system  of  shift,  calculated  from  the 
given  prerequisites/premises,  provides  the  shift  of  electrons  from 
th9  equilibrium  orbit  and  the  " cischarge/brea k"  of  them  tc  the  target 
for  time  **6,-(IO-+-  20)  •  I0~«  s. 
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In  hign-curr ent  betatrons,  the  task  considerably  becomes  comply cat^d 
due  to  the  large  sizes/diaensicns  cf  air  gap  and,  therefore,  because 
it  is  necessary  to  obtain  the  reguired  increment  in  the  magnetic 
intensity  in  tha  large  space.  Task  even  more  becomes  complicate'!,  if 
it  is  necessary  to  obtain  emission  impulse  by  duration  t„„  =  (0.1  -+■  0.2)  X 10 
s,  i.a. ,  by  an  order  is  less  than  tc6p  ,  usually  provided  by  th*  system 
of  shift,  and,  on  the  contrary,  whec  it  is  necessary  to  obtain 
emission  impulse  with  the  duration,  which  considerably  exceeds  Tc6i>‘ 

gti.  Obtaining  short  emission  impulse  in  the  hign-current  betatron. 

The  high-current  betatron,  intended  for  the 
nigh-SDeed/high-veiccit y  X-ray  exposure  of  the  high-speed  processes, 
must  generate  amission  impulse  ty  the  duration  not  mere  than  0.2»10"6 
s.  To  obtain  this  duration  of  emission  impulse  by  the  usual  methods 
of  shift  is  impossible. 
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Fig.  7.  Schematic  diagram  of  shift  and  discharge/break  of  the 
accelerated  electrons  tc  the  target. 

Key:  (1).  Frcm  the  diagraa  of  ccntrcl.  (2).  Extension 
contc  ar /outline. 

Page 

Therefore  we  proposed  the  confined  Method  of  shift,  which 
accompl ishes/realizes  a  dischar ge/fcreak  of  the  accelerated  electrons 
to  the  target  into  two  stages.  First  with  the  aid  of  the  toroidal 
winding,  or  the  winding,  arranged/lccated  on  the  central 
ir.sert/bushing,  is  produced  the  syiaetrical  expansion  of  equilibrium 
orbit  fcou  r0  to  certain  ct,  close  to  a  radius  target  location  ra  . 
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After  this  is  switched  on  the  second  winding  of  discharge/break, 
which  generates  the  sharp  azimuthal  disturbance  of  magnetic  field  in 
orbit  of  radius  r,#  which  causes  the  discharge/break  of  electrons  to 
the  target  during  several  ten  turns  of  electron  beam  in  orbit. 

The  schematic  diagram  of  the  preliminary  expansion  cf  crtit  is 
represented  in  Fig.  7.  Preliminary  expansion  is  produced  to  a  radius 
rj=32.5  cm,  with  n=0.9  (it  is  determined  by  magnetic  measurements). 
Initial  data  for  calculating  the  diagram  of  high-current  betatron  25 
dev  following: 

radius  cf  the  equilibrium  crtit  r0  •  ••  24  cm 

radius  of  alignment  cf  tarcet  <■»  ...  34  cm 

gap  on  a  radius  60  ...  21  cm 

magnetic  intensity  at  the  icnect  of  expanding  the  orbit  H0  ... 
3815  oerst. 

a  radius  of  central  inserts/tushings  r»  ...  13  cm 

induction  in  the  center  at  the  moment  of  expansions,  ...  1  -i  •  1  o  3 


G 
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the  index  of  drop  n  in  an  equilibria  orbit  (r  =  r0)  ...  0.5 


a  radios  of  pole  '«  ...  42  ci 


operating  cycle  impulse  circuits  T  ...  4  s. 


For  the  preliminary  expansion  it  is  possible  to  utilize  a  sector 
winding  with  the  scope/cc verage  cf  azimuthal  round  angle. 


An  increment  in  the  magnetic  field  AH  is  determined  from  the 


formula 


A/y=  H„  -  ,  Ll  f '  . 
r; 


rha  space,  in  which  is  created  a  supplementary  increment  in  the 
field,  it  is  determined  approximately  from  the  relationskip/r atic 

V* -*(/■«* -r,,*) 8„.  '  (86) 

Page  47. 


juadergy  Aa,  reserved  in  the  magnetic  field  of  this  space  with  the 
inter.sity/strength  AH,  is  equal  tc 

A M  — 12-1  f  v.  (87) 

“  0.8b  J  0.8k 

V 

The  product  of  the  amplitudes  of  voltage  and  current  in  the  dischar je 
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circuit  is  found  from  the  expression 

^mimc  ^««(  ~  -»  A  MI  (88) 

where  f0  -  natural  vibration  treguency  in  the  discharge  circuit,  it 
is  sal&ctad  in  Units  (5-10)  «103  of  Hz,  depending  on  t„.  Being  given 
amplitude  .  it  is  possible  to  determine  /  mikc  ana  a  number  or 

turns  of  the  winding  cf  expansion  c. 


The  inductance  of  tias  ceil 

Z.  =  1.28-10-8  -5^-  ,  (89) 

'o 

where  s  —  —  rcJ)  ~  area  of  the  ring,  included  by  the  turns  cf 

winding. 

Capacity/capacitance  in  the  discharge  circuit  is  found  frem 
equation  for  the  energy 


cv 2 

(90) 

c-  V"  ■ 

(91  > 

with  known  /*,« c  ,  and  c  cf  contour/ outline  it  is  possible  to 
calculate  characteristic  impedance  o  =  l  L  the  strength  of  effective 
current  /  —  /„„<.]  -IT  and  energy  factor  of  contcur/cutline  Q  =  ?  /?„p .  and 
^*np  -  the  resistoc/resistance  of  the  wire  of  the  displacing 

winding.  The  results  of  calculation  are  given  in  Table  1, 
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if 

Voltage  in  the  contcur/out line  is  equal  to  5  kv.  As  the 
commutating  instrument  is  selected  the  igniticn  rectifier  of  the  type 
1-100/5000.  The  calculation  of  the  system  of  the  final  collection  of 
electrons  tc  tha  target  is  produced  on  the  basis  of  following  ir.i'-ial 
data: 


initial  radius  ...  32.5  cm 

required  increase  in  the  radius  hr  ...  1.5  cm 

intensify/strength  of  field  EteHto/r*  at  the  moment  of 
discharge/break  in  orbit  with  a  radius  of  r,=32.5  cm  ...  2700  oerst. 

the  index  of  the  drcp  of  field  n  in  orbit  with  a  radius  of 
^  =  32. 5  cm  ...  0.9. 

Remaining  initial  data  the  same  as  for  calculating  the  diagram  of 
preliminary  expansion. 

The  final  dischargs/treak  cf  electrons  is  accomplished/cea 1 ized 
by  azimuthal  disturbance  cf  field  in  the  working  zona  by  winding  with 
angle  of  *1=120°.  The  amplitude  cf  the  intensity/strength  of  tns 
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field,  created  by  the  winding  of  the  final  discharge/break  cf 
electrons,  must  provide  ret  only  an  increase  in  the  radius  cf  orbit, 
tc  '"h.  out  also  given  speed  of  the  action  cf  orbit,  necessary  for 
obtaining  emission  impulse  by  the  duration  not  mere  than  0.2»10's  s. 

Let  the  int ensity/strength  AH  cf  the  exciting  magnetic  field 
change  according  to  the  sinusoidal  law: 

A//  =»  A//„  sin  iot,  (92) 

where  A//*  -  amplitude  value  of  the  strength  of  the  distorting  fiell; 
u  -  natural  vibration  frequency  in  charging  circuit. 


with  azimuthal  disturbance  of  magnetic  field  an  increase  cf  tr.e 
radius  cf  erbit  Ar  in  the  site  cf  installation  of  target  is 
determined  by  the  expression 


Ar  =  r, 


&Hh  sin  wt 
H 


<n>(*  V  i-«> 


•  (93) 
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Table  1.  Calculatad  parameters  of  bias  coil. 


I'w,- 

9pcm  j 

V, 

CM* 

~T 

dx 

^MAKC’ 

a 

{sr~ 

1  IT, 

BNTKOB 

iM 

7 *r 

^  Bp' 
OM 

Q 

1st 

* 

-500 

1 ,05- 10s  j 

i 

125 

1470 

6 

1 

108- 10— »j 

0.16 

i  1 

20,6 

xo — * 

Key:  (1).  cerst.  (2).  J.  (3).  turrs.  (4).  d.  (5).  ohm.  (6).  f. 
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After  substituting  into  expression  (93)  of  value  r,  Hr  n  and  *,  we 
will  obtain 

Ar  =  4,65-1  O'2  \HU sin  (94) 

The  speed  of  the  radial  motion  cf  orbit  is  determined  by  the 
derivative  of  expression  (94) 

^dT~  =  4>6510_2  “^-cos-r  05) 

with  assigned  Ar  and  v,  equations  (94)  and  (95)  have  three  unknown 
and  t.  For  the  assignment  cf  the  third  condition  we  utilize 
relationships/ratios  (87)  and  (66).  After  assuming  that  product 
/«  must  have  tho  minimum  value  (for  facilitating  the  selection 
the  commutating  instrument),  we  will  obtain 

Um  A.  -  — — —  (A//.)2  V,  (96» 

4* 

whers  ’/  -  space,  included  oy  the  winding  of  discharge/break.  Wh*n 
<Pi  =  I20°.  V'  =  i a cm*,  where  Vt  -  f ull/tctal/complete  space  cf  gap, 
moreover  V’.  =  1 .05 •  106  cm3  Then 

UJM=  —  —  (A//,)2*  =  2,8  I0-4  (A Hj'm  (97) 

4it  3 


i 
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wt  —  —  acd  t  =  —  ■ 

4  4« 

Thus,  all  necessary  parameters  cf  systea  (99)  are  determined 
unambi juously. 
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The  fundamental  design  parameters  of  the  diagram  of  final 
iisci' ’rge/breaic  are  determined  just  as  for  the  preliminary  expansion 
of  orbit,  (they  are  given  in  "^a tie  2). 

The  given  calculation  of  the  diagrams  of  the  expansion  c:  orait 
and  discharge/break  cf  alectrons  tc  the  target  is  approximate,  since 
it  dees  not  consider  the  leakage  fluxes  of  the  windings  of  the 
expansions  and  discharge/fcreak,  which  (flows)  have  vital  importance, 
especially  for  the  high-current  betatrons,  which,  possess  the  large 
sizes/aimensicns  of  working  zene.  Therefore  the  final  values  cf  the 
parameters  of  circuits  cf  shift  and  discharge/break  cf  electrons  are 
corrected  and  are  more  precisely  formulated  experimentally  on  the 
accelerator  in  operation. 

In  the  examination  cf  the  process  of  the  discharge/break  cf 
electrons  tc  the  target  in  the  high-current  betatron  should  he 
considered  a mf  of  the  self-inducticn  of  the  accelerated  bundle,  which 
appears  during  the  interruption  of  the  ring  current  cf  electrons  in 
the  process  of  its  collision  with  the  target.  This  emf  of 
self-induction  cn  radius  r  is  determined  by  rate  of  change  in  ‘h: 
intensity/strength  cf  field  H,,  caused  by  th9  ring  current  cf  th  = 


bea  m : 


(102) 


Table  2 


Calculated  parameters  cf  the  winding  of  discharge/t r=ak 


771— 

4  H. 

»ptm 

V, 

1 

dx 

°  1 

|  IMTVOI 

"ST 

M 

"T1" 

*np» 

OM 

0 

• 

I  W 

J  MKCtK 

45.5 

0,35-10* 

1  0,29 

1 

40.) 

2 

4*  10  * 

! 

0,85 

10-7 

8- 103 

0.188 

Kay:  (1).  cerst,  (2).  J.  (3).  turns.  (4).  H.  (5).  ohm.  (6).  f.  (7) 
7.  (6)  .  Ms. 
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Irtensity/strength  H,  of  the  magnetic  field  of  ring  current  is 
determined  by  the  r a lat ic nsh i p/iat ic 


Hz  — 


2*/ 

cr 


Then  we  obtain 


(103) 

1  _fL  /'  2k/  _i 

c  <?/  *  cr  2 


I  a  2-1 

c  dt  2c 


_  _  *  al 
c3  dt 

The  energy,  acquired  by  electron  fcr  one  turn,  will  te 
g*  =  eUa6-  2tc rEe  -  .  (105) 

r* 

Speed  will  be  determined  by  the  ratio  of  the  time  of  beam 

electrons  'c6P  to  the  time  of  cne  turn  1 <*' 

N  _  J*St_  .  (106) 

*at 


(104) 


spill 


cf 


Then  a  f ull/tcta 1/co mplete  increase  in  energy  of  one  electron  for 
time  or  the  discharge/break 
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For  the  specific  case  let  us  accept  following  data:  the  time  cf 
discharge/break  fceP  * 2 - 10— 7 ,  s  (because  of  the  short  time  of 
discharge/break  the  presence  cf  ircn,  which  is  found  within  the 
circular  electron  beam,  it  is  possible  not  to  take  into 
consideration) .  Bing  current  I  let  us  accept  equal  tc  50  A.  Radius  cf 
target  location  rH  =34  cm.  T.ien  frci  formula  (107)  we  obtain 


2-3. 143-34-4, 8- IQ- 10 
9-10» 


2- 10 


-7 


SO 


4,9-10 


-9 


210- 


•3-  10*  - 


•*3,5-10  7  erg. 


where  t  o6  =  4.9-i0-»  s,  or 


i  ?=  3,5-1 0-7 -6,25- 10*  =  219  kev. 
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This  supplamentary  energy  acquire  lattec/last  beam  electrons  due  to 
emf  of  self-induction,  which  appears  upon  the  decomposition  cf  ring 
current  1=50  and  for  the  time  0.2*10”*  s. 

Consequently,  emf  of  self-induction,  causing  the  supplementary 
acceleration  of  the  circulating  electrons  in  the  process  of  their 
discharge/break  to  the  target,  leads  to  an  additional  increase  in  the 
radius  of  orbit  and  thereby  it  contributes  to  an  increase  rr.  the 
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speed  of  the  shift  of  electrons  fcy  the  target,  i.e.,  to  shortening 
the  duration  of  emission  impulse.  The  effect  of  eaf  of  the 
self-induction  of  beam  is  greater,  the  greater  the  accelerated  ring 
current  I  and  the  less  the  time  of  discharge/break 

g9.  operating  diagrams  of  the  shift  of  high-current  betatrons. 

The  schematic  diagram  of  the  displacement  of  a  heavy-current 
betatron  of  25  !?e7  v/hicri  ensures  obtaining  a  radiation  pulse  with  a 
duration  less,  t/.an  2*10'7s  is  shown  in  Fir.  7. 

The  preliminary  expansion  cf  orbit  is  accomplished/reali zed  by 

winding  OCt  (it  encompasses  the  shaped  part  of  the  pcles)  ,  through 
which  is  discharged  preliminarily  charged/loaded  capacitor  C,. 
Charging  C,  to  u=  5  kv  is  produced  by  rectifier  on  the  tube  vg-163. 

As  the  commutating  instrument  is  used  the  ignition  rectifier  of  the 
type  1-100/5000.  The  igniting  impulse/momentui/pulse  is  genorat°d  by 
the  capacitor  discharge  C,  ,  of  that  charged  frcm  the  rectifier  or.  the 
gas-fillad  tube  rectifier  VG-12S.  As  tha  commutating  instrument  in 
the  circuit  cf  the  ignition  of  ignition  rectifier  serves  thyratrcn 
TGI -5/3 . 

The  final  iischarge/break  cf  electrons  to  the  target  is  produced 
with  tne  aid  of  tha  sector  winding  CC2  with  azimuthal  angle  cf  120°. 
Capacitor  C2  is  charged  from  the  rectifier  on  the  tube  VI-0.1/30.  As 
tha  commutating  instrument  is  used  the  controlled  three-electrode) 
the  discharger/gap,  which  possesses  the  very  small  inductance  (thz 
hundredths  of  microhenry).  The  electrodes  of  discharger/gap  are 
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prepared  from  the  tungsten.  The  cathode  of  discharger/gap  is 
assembled  from  the  tungsten  reds  with  a  diameter  of  0.  b  mm  in  the 
form  of  cylinder  with  the  generatrix  of  h=12  mm.  Control  electrode  is 
placed  within  the  cathode  and  is  isolated/insulated  from  it  ty 
porcelain  tube.  The  anode  is  prtpared  from  the  continuous  tungsten 
aolding/bar  of  rectangular  cress  section  and  has  sizes/dimensions 
5x5x10  of  mm.  The  construction/design  of  fastening  the  anode  and 
control  electrode  allows/assumes  cecessary  gap  adjustment  of 
discharger/gap.  Electrodes  are  fastened/strengthened  in  the  brass 
mountings/cases  and  are  encased  from  the  organic  glass,  which  uses 
for  the  electrical  insulation  cf  electrodes.  The  operational 
stability  of  discharger/gap  is  0.1*10'*  s,  which  completely  satisfies 
the  requirements,  presented  to  the  jettison  system  of  electrons  for 
the  target. 

The  schematic  of  the  triggering  of  discharger /gap  is  analogous 
to  the  diagram,  used  in  the  circuit  cf  the  triggering  of  the  ignition 
rectifier  of  the  system  of  preliminary  expansion. 

For  reducing  to  the  minimum  of  the  inductance  of  the  discharge 
circuit  of  the  winding  cf  dischar ge/brea k  in  it  must  be  a  minimum 
number  of  tu.'ns  -  two;  they  are  made  from  aluminum  twig  and  are 
placed  within  vacuum  chamber  above  and  under  median  plane  of 
betatron.  The  parts  of  discharge  circuit  are  mounted  in  the  form  of 
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the  separate  block,  adjusted  in  imiediate  proximit  y  cf  the 
accelerator.  Storage  capacity/capacitance  is  comprised  their  tnrer 
parallel-connected  non-inductive  capacitors  of  the  type  IM100-0.1 
with  the  total  capacitance  of  0.3  ».F. 

Because  of  the  enumerated  aeasures  the  inductance  of  the 
discharge  circuit  of  the  diagrat  of  final  discharge/break  is  entire 
5*10”®  H.  The  diagram  cf  preliminary  expansion  and  the  charge  part  cf 
the  diagram  of  final  discharge/ krea k  are  mounted  in  the  separate 
cabiret,  both  parts  of  the  system  of  shift,  shown  in  Fig.  7,  have  two 
parallel  channels,  since  pulse  betatron  was  made  in  the  form  cf  the 
two-chamber  construction/design,  which  has  twe  independently  working 
accelerative  systems. 

As  a  result  cf  understable  werk  of  ignition  rectifiers 
1-100/1000  in  the  mode/ccnditicns  cf  narrow  pulses  the  ignition 
rectifiers  are  replaced  by  thyratrens  of  the  type  TR-65/15.  The 
measurements  of  the  distribution  cf  the  magnetic  field  of  the 
windings  of  discharge/break  showed  that  the  maximum  of  the  strength 
of  field  falls  to  the  region  cf  the  equilibrium  radius  r„,  if  winding 
enccmpisses  radial  size/dimension  r,—  rt  .  Therefore  in  the  final 
version  an  inside  radius  of  the  winding  of  discharge/break  rm  is  aora 
o* 


than  radius  r 
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Tne  made  system  of  the  shift  of  the  orbit  of  electrons  ensured 
obtaining  the  amplitude  cf  carrent  to  2000  A  with  the  duration  cf  350 
ms  witn  the  voltage  cf  5000  V  in  the  diagram  preliminary  expansions 
of  orbit  and  current  pulse  in  asplitude  to  1400  A,  with  duration  of 
8*1  s  with  the  voltage  of  8000  V  in  the  reset  circuit  cf  electrons 
on  tne  target. 

With  the  aid  of  this  system  is  obtained  the 
impulse/momentum/pulse  cf  bremsstrahlung  with  the  maximum  energy  25 
.1eY  for  the  duration  less  Q.2«1C*S  s.  The  oscillogram  of  emission 
impulse,  taken  with  the  aid  of  the  photomultiplier  with  the  diagram 
or.  the  cathode  follower,  is  represented  in  Fig.  8.  During  the  upper 
scanning/sweep  of  oscillcgram  is  fixed  the  reference  pulse  by 
duration  0. 2»10"*  s,  during  the  lower  scanning/sweep  -  emission 
impulse. 

The  schematic  diagram  of  the  shift  of  electrons  from  the 
equilibrium  orbit  in  the  high-current  betatrons,  which  work  at  the 
frequency  of  50  Hz,  is  analogous  described  above.  Difference  lies  in 
the  fact  that  for  decreasing  the  pewer  of  rectifying  dev ice/equ j  pmer.t 
in  the  discharge  circuit  cf  the  diagram  of  expansion  is 
established /installed  one  additional  recharging  valve/gata,  and  in 
the  resat  circuit  instead  of  the  discharger /gap  are  applied  hydrogsn 
thyratron  of  the  type  TGI,  The  replacement  of  dischargers/gaps  by 
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tfcyratrons  is  caused  by  the  limited  service  life  of  the 
dischargers/gaps ,  which  maintaic/withstand  abcut  100000  imp,  which 
with  the  wor*  with  the  frequency  cf  50  Hz  comprises  less  than  one 
hour. 
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Page  5b. 

If  obtaining  short  emission  impulse  is  net  required,  the 
discharge/break  of  electrons  tc  the  target  is  accomplished/realized 
oy  a  diagram  of  the  expansion  c£  crfcit.  In  the  discharge 
devica/squipment  and  the  discharge  circuit  for  this  it  is  .necessary 
to  have  only  certain  reserve  according  to  the  power.  In  this  case  t 
duration  of  emission  iapulse  is  obtained  in  limits  (4-10) *10"*  s. 
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Page  57. 

Chapter  4. 

SOME  CHARACTEHISTICS  OF  BEAM  AND  RESULTS  OF  THE  LABORATORY  TESTS  OF 
HIGH-CURRENT  BETATRON. 

jlO.  Measurement  of  the  charge  cf  the  beam,  accelerated  in  the 
betatron. 

The  measurement  of  charge  C  of  the  beam,  accelerated  in  the 
betatron,  is  fairly  complicated  task,  since  there  does  not  exist  the 
direct  method  of  measuring  this  value.  By  this  is  explained  the 
existence  of  a  large  number  cf  different  methods,  with  the  aid  of 
which  are  made  the  measurements  of  the  introduced,  seized  ard 
circulating  in  the  betatren  current. 

To  measure  the  charge  of  the  team,  introduced  in  the 
acceleration,  is  possible  by  many  methods,  for  example,  by  the  method 
of  magnetic  belt/zone,  by  the  method  of  turns  on  the  central  core, 
etc.  The  same  methods  can  be  utilized,  also,  for  measuring  the  charge 
of  beam  at  the  end  of  the  cycle  cf  acceleration.  However,  the 
measurements  of  the  charge  of  the  discarded  beam  hinder  by  these 
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operating  at  the  moment  of  the  shift  of  the  accelerated  electrons 
from  the  equilibrium  orbit  by  pcwer ful/thic)c  electromagnetic  fields, 
caused  by  the  work  of  the  pulse  current  generator  of  the  diagram  of 
shift,  interferences  frcm  which  considerably  exceed  useful  signal. 

The  screening  of  measuring  devices  in  the  batatron  is  almost 
impossible,  since  introduction  into  the  working  gap  cf  ferromagnetic 
or  massive  nonferroaagnetic  shield  distorts  the  controlling  magnetic 
field  of  betatron,  leading  at  best  to  a  sharp  decrease  in  the  number 
of  trapped  into  acceleration  electrons.  It  is  necessary  tc  consider 
alsc  that  the  charge,  led  to  the  enc/lead  of  the  cycle  of 
acceler ation ,  is  substantially  less  than  the  charge  cf  beam,  trapped 
into  acceleration,  which  respectively  decreases  the  value  of  the 
useful  measured  signal. 

|?cr  measuring  the  magnitude  cf  the  charge  cf  beam,  discarded  to 
the  target  at  the  end  of  the  cycle  cf  acceleration,  it  is  possible  to 
utilize  the  procedure,  used  on  the  betatron  15  MeV.  Method  consists 
in  the  measurement  of  electronic  current  directly  frcm  the  target  in 
small  phases  cf  the  discharge/break  cf  the  electrons  from  the  orbit, 
which  correspond  to  energy  on  the  order  of  1  Mev.  With  the  enugiss 
of  electron,  which  exceed  10-12  MeV,  the  current  from  the  target, 
considerably  differs  frcm  true  current,  since  the  path/range  cf 
electron  in  the  material  cf  target  {tungsten)  is  4-5  mm,  whereas  the 
real  thickness  of  target  does  not  usually  exceed  1  mm.  Therefore-  the 


DOC 


30 17 1 503 


PAGE 


larqe  ^art  of  the  accelerated  electrons  threads  target  right  through 
and,  tnerefore,  is  not  recorded  by  measuring  meter.  It  is  uori  than 
that,  under  the  action  of  the  electron  bombardment  of  target  from  its 
material  are  freed/released  secondary,  tertiary  and  so  forth  the 
electrons.  If  the  part  of  these  electrons  leaves  target,  instrument 
will  record  a  decrease  in  the  current  from  the  target,  rfhen  the 
emission  of  secondary  electrons  is  sufficiently  great,  instrument 
shows  the  current  whose  polarity  is  opposite  expected.  For 
determining  the  true  number  of  electrons,  which  experienced  collision 
with  the  target,  it  is  necessary  tc  consider  the  electrons,  reflected 
o y  the  material  of  target.  The  reflection  of  electrons  with  the 
energy  from  several  ten  kilcelectrcnvolts  to  1.75  Me  v  for  the 
materials  of  target  over  a  wide  range  z  is  in  detail  investigated  by 
Seliger  and  recently  by  Eressel  [10].  The  coefficient  cf  reflection 
of  electrons  is  defined  as  the  ratio  of  a  difference  in  total  number 
of  electrons,  recorded  ty  counter,  and  an  initial  number  cf  electrons 
to  an  initial  number  cf  electrons,  i.e. 

3  -  .w"»-  *  ?-"»•'  _  i,  (108) 

rt||M 

where  «...  -  number  of  electrons,  recorded  by  instrument  in  th» 
abser.cn  of  tne  reflecting  sample/specimen  (in  our  case  -  target)  ; 
nn*.-.  “  n»*v  -  nuober  of  particles,  recorded  by  the  same  instrument 
at  the  same  point  taking  into  account  the  electrons  reflected,  i.e., 
in  the  presence  of  the  reflecting  sample/spec  iae  n  (target)  ;  n«^> 
numoer  of  the  electrons  reflected. 
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For  Z=74  (tungsten)  and  the  range  of  energies  of  electron  to  1.7 
Mev  coefficient  0-0.8. 

In  the  expression  for  determining  the  magnitude  or  the  cnar-j-  of 
beam,  jettisoned  to  the  target  seen  after  the  termination  of 
injection,  it  is  necessary  to  introduce  correction  for  reflection  in 
the  form  of  term  (1-0)"1.  Then,  assuming  that  the  current  pulse  from 
the  target  has  sinusoidal  fora,  the  charge  of  the  discarded  beam  can 
be  calculated  according  to  the  formula 

009. 

where  U  -  amplitude  value  of  current  pulse  from  the  target;  t  - 
duration  of  current  pulse  and  0=0.8  -  coefficient  of  reflection  of 
electrons  by  tungsten  target.  Product  in  the  right  side  of  the 
formula  is  numerically  equal  to  the  area  of  current  pulse  from  the 
target.  Value  /*  will  be  deterained  from  expression  !U  =  UJR,  where 
-  amplitude  value  of  a  voltage  drop  across  resistor/resistance  of 
a,  tnrough  which  leaks  off  the  measured  current  of  the  fallen  to  the 
target  electrons.  Then  equation  (109)  takes  the  form 

(110) 

Signal  amplitude  from  the  target  is  greatest  in  small  phases  cf 
shift,  i.e.,  with  the  kinetic  energy  cf  electrons  0.4-1  MeV.  The 


amplitude  of  this  signal  cn  the  r es  istor/resistance  of  100  ohms 
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composes  1.  5-3.5  V.  With  an  increase  in  the  phase  of  shift  occurs  the 
decrease  of  signal  amplitude  trcn  the  targat  and,  in  the  phase  of 
approximately  1800  ps,  which  corresponds  to  energy  of  electrons  7-3 
JleV,  is  planned  tendency  toward  a  change  in  the  polarity  of  pulse 
(Fig.  9).  A  larger  increase  in  the  phase  leads  to  a  change  in  the 
signal  polarity  whose  amplitude  virtually  does  not  depend  on  further 
increase  in  the  energy  c*  electrons. 


The  voltage  pulse  from  the  target  of  high-current  betatron  to  25 
dev,  created  by  the  current  or  electrons  on  the  resistor/r esi stance 
of  100  ohms  with  *=100  ^s  after  the  termination  of  injection 
(£=0.  7-0.8  ileV,  has  an  amplitude,  equal  to  3.5  V  for  the  duration  a 
hs.  The  electronic  charge,  calculated  according  to  formula  (103),  it 
is  equal  to 


Q-- 


1,37/? 


( 1  —  a)  1  =  3.9-  '.0  '  i:. 


which  corresponds  to  a  number  of  accelerated  electrons 
N  =Q/e=5 . 56»  1  Cl  * .  This  quantity  cf  electrons  in  the  high-currer.t 
betatron  IQ3  times  of  more  than  the  appropriate  value,  attained  in 
the  majority  cf  the  best  san p le s/specime ns  of  usual  betatrons  in 
whrcr.  charge  does  not  exceed  5  •  7  C  ^  elect  ro-  neutr  ons/pulse  . 


Page  t0. 


elects: 


There  is  greatest  interest  in  the  measurement  cf  the 
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charge  of  beam,  led  in  the  betatron  to  the  end/lead  of  the  cycle  of 
acceleration.  The  method  cf  recording  the  current  from  the  target 
does  net  give  the  possibility  to  fulfill  these  measurements  cn 
reasons  indicated  above.  However,  the  current  pulse,  removed  from  the 
target  with  small  *  (i.e.,  with  small  E) ,  can  be  used  for  the 
calibration  of  any  other  sensor,  fer  example  signal  electrode. 

As  the  signal  electrode-indicator  were  used  two  sector  turns 
with  the  azimuthal  angl6  in  120°,  made  from  aluminum  wire  and  placed 
within  vacuum  accelerative  chamber  at  a  distance  of  r>r0.  Turns  wars 
arranged/located  above  and  under  median  plane  of  betatron  and  in  the 
usual  mode/conditions  of  work  of  the  accelerator  were  utilized  as  the 
displacing  winding  for  obtaining  the  short  emission  impulse. 
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FiJ.  9.  The  oscillograms  of  current  pulse  from  the  target  and  from 
alectrode-indicator;  in  all  photographs  upper  oscillogram  shews  the 
voltage  pulse  from  electrode-indicator  8=91  ohm,  lower  -  voltage 
pulse  from  the  target.  In  the  expasion  stage  of  the  orbit  of  the  beam 
of  equal  to  1)  *  =  180  ps;  2)  *=400  Ms;  3)  *=1020  Ms;  4)  *=1260  ;  5) 

*=1500  Ms;  6)  *=1800  ps;  7)  v=»«>*ts. 

Page  61. 

The  connection/ccaaunication  of  signal  froa  the  target  and  th-? 
signal  from  electrode- indicator  with  the  different  energies  cf  the 
accelerated  electrons  E  is  illustrated  by  Fig.  9.  Before  the 
impulse s/mo aenta/pulses  being  investigated  is  visible  the  randem 
noise  froa  the  impulse  circuit  cf  auxiliary  designation/purpose.  Ths 
impulse/aoaentua/pulse  of  the  lower  oscillogram  Fig.  9  corresponds  to 
energy  of  electrons  cf  approxiaately  20.5  MeV  (**3060  ps)  .  In  the 
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duration  of  pulse  11.5  ps,  the  amplitude  of  voltage  120  bV  { R  =9 1  ohm) 
the  impu lse/monentum/pulse  corresponds  to  a  charge  4.7«10“7  k.  or  a 
number  of  electrons  in  the  impu lse/momen tua/pulse  of  order  3*1012. 
This  value  600  times  exceeds  a  number  of  particles,  accelerated  in 
usual  betatrons  (~5«109). 

Thus,  at  the  beginning  of  the  cycle  of  acceleration  in  the 
chamber /camera  of  high-current  betatron  circulates  the  electronic 
charge,  equal  to  8.9»10“7  k.  it  creates  circulating  in  orbit 
electronic  current,  equal  to 

A.  -2—  -  167  a.  (1121 

2r.r„ 

where  Q  -  charge;  p=v/c  -  relative  velocity  of  electrons;  c=3«io10 
cm/s  -  speed  of  light.  At  the  end  of  the  cycle  of  acceleration  tne 
electronic  charge,  equal  to  4.7«10"7  k,  creates  the  circulating  in 
orbit  current,  equal  to 

/,.o.-Q^=4,7.10^.9),.  ,113, 

Then  avarage/mean  in  the  cycle  c£  acceleration  circulating  in  orbit 
current  is  130  A.  The  accelerated  bean  in  the  high-current  betatron 
is  dumped  to  the  target  for  the  time  of  0. 1-0.2  ps.  The  pulse  current 
of  electrons  to  the  target  with  the  charge  4.7O0"7  to  the  duration 
of  emission  impulse  T«  =0-2  ps,  comprises 
/.  -  -r-  -  2.35  a, 

'H 

but  with  t„ -«0.1  ps  /M  =4.7  A. 


(114, 


DOC  =  80171504 


PAGE 


Page  62. 

It  is  necessary  to  note  that  the  corrected  numerical  values  are 
obtaicad  on  the  basis  cf  the  measurements,  carried  out  with  cne  of 
the  usual  operating  nodes  on  the  accelerator.  In  a  nuaber  of  cases 
the  charge  of  the  bean,  trapped  intc  acceleration,  exceeds  the 
corrected  here  values. 

§11.  Investigation  of  bean  in  the  process  of  acceleration  the  lateral 
instability  of  beam  in  the  betatron. 

During  the  experimental  investigation  of  the  prccess  of 
accelerating  the  bean  of  electrons  in  the  first  high-current  betatron 
in  1960  was  discovered  the  phancaencn  of  the  lateral  instability  of 
the  circulating  electron  teas.  Instability  appears  in  the  shaped  bean 
after  the  considerable  tiae  after  the  end  of  the  process  of  injection 
and  is  evinced  by  the  periodic  increase  of  the  asplitude  cf  the 
bouncing  of  electrons  fez  a  radius  cf  equilibrius  orbit  to  the 
vertical  size/di ae ns ion  cf  accelerative  chasber/casera  for  r*r0.  Por 
a  certain  period  of  tiae  (froa  15  ^s  more)  beaa  "scratches''  chamber 
walls,  losing  on  then  the  part  cf  its  electrons.  Then  the  aaplitude 


DOC  *  8017 1 504 


PAGE 


V 

of  betatron  oscillations  is  decreased,  becoming  less  than  the 
vertical  size/dimension  cf  chamber/camer a.  After  certain  tine  (cn  the 
order  of  hundred  or  hundreds  cf  aicrcseconds)  the  process  again  is 
repeated,  being  accompanied  every  tiee  by  the  death  of  the  part  of 
the  accelerated  electrccs  cn  the  chamber  walls.  In  entire  cyel»  cf 
acceleration  can  be  lost  60-90c/o  cf  the  seized  into  the  acceleration 
number  of  electrons.  In  this  case  on  the  aguadag  of  chamber/camera 
remains  clear  beam  trace  in  the  form  of  dar k/nonluainous  circular 
paths/tracks  with  the  radial  size/dimension  approximately  10  mm  and 
the  well-marked  boundaries.  Paths/tracks  are  arranged/located  on  the 
upper  and  lower  chamber  walls  accurately  on  radius  r0  of  the 
equilibrium  crbit  of  electrons. 

with  the  aid  of  the  procedure,  described  in  the 
preceding/ptevious  paragraph,  fcr  the  high-currant  betatron  cn  25  (lev 
are  obtained  the  oscillograms  of  the  impulses/momenta/pulses  cf  the 
spontaneous  discharge/break  of  electrons  to  the  chamber  walls  (see 
Pig.  10).  The  picture,  represented  in  Fig.  10,  to  a  considerable 
extent  depends  on  the  conditions  of  injecting  the  electrons  in  the 
betatron,  i.e.,  from  a  number  of  trapped  into  acceleration  particles. 
Changing  the  conditions  cf  injectlcn,  it  is  possible  to  obtain  from  1 
to  8-9  impulses/momenta/pulses  cr  cne  reset  pulse. 


Page  63 
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It  is  characteristic  that  independent  of  a  number  of  reset  pulsas, 
which  occur  in  the  process  of  accelerating  the  bean,  the  rate  of  the 
dose  of  the  brensstrahlung  of  betatron  remains  in  effect  constant, 
and  tc  the  end/lead  of  the  cycle  cf  acceleration  always  lives"  an 
approximately  identical  number  cf  electrons. 


The  full/total/coaplete  tiee,  during  which  is  observed  the 

phenomenon  of  the  lateral  instability  of  beaa,  in  our  experiments 
1500-1600 Jis,  which  corresponds  to  an 
cob pesas. energy  of  the  accelerated  electrons  of  approximately  10 


(lev . 


It  was  at  first  assumed,  that  the  instability  of  beam  is  caused 
by  resonance  phenomena,  caused  by  the  fact  that  the  value  of  the 
coefficient  of  the  drop  cf  sagnetic  field  n  in  the  betatron  was  equal 
to  0.5  on  radius  r„.  In  connection  with  this  the  pole  of  betatron 
they  were  replaced  new  (see  Fig.  3).  Value  n  in  the  latter  case  was 
equal  to  0.6  and  was  retained  approximately  constant  on  a  radius. 
However,  the  picture  of  the  instability  of  electron  beam  remained 
previous.  The  late  onset  of  the  instability  of  beam  in  the  transverse 
direction  experiaeatall y  was  observed  in  the  resonance  particle 
accelerators  and  in  the  accueulatcxs/storage. 


DOC  =  80171504 


PAGE 


11 

The  appearing  recently  investigations  of  the  coherent 
instability  cf  boas  in  the  accelsrators  and  the  accuaulators/storage 
shed  light  on  the  nature  cf  this  phenomenon.  In  work  [IS]  is 
theoretically  investigated  transverse  electromagnetic  interaction  of 
intense,  uniform  in  the  azimuth  beae  with  itself  taking  into 

account  the  effect  of  the  resistor/resistance  of  the  walls  cf  vacuum 
chamber. 

The  beam  of  particles,  which  rotates  with  the  angular  frequency 
u0  and  which  accomplishes  coherent  bouncing,  generates  travelling 
waves  whose  angular  frequency  is  equal  to  «=(!♦  v)  u0,  where  v  - 
number  of  betatron  oscillations  per  revolution.  In  the  case  cf  the 
absence  of  the  resistor/zesistance  of  chamber  walls  these 
oscillations  are  stable.  In  this  case  on  the  bean  operate  the 
electromagnetic  forces,  cut  cf  phase  on  90°  with  respect  to  the 
oscillations  of  vertical  speed  of  beam  and  which  only  a  little 
displace  frequency  of  betatron.  If  this  shift  it  is  sufficient  for 
changing  the  wavelength  cf  betatron  oscillations  to  the  value,  which 
corresponds  to  any  resonance  of  accelerator,  then  beam  becomes 
unstable.  For  this  is  usually  sufficient  to  change  v  to  1/u«  Maximum 
charge  for  the  majority  cf  installations  proved  to  be  sufficiently  to 
large  ones. 


Pig.  10.  oscillograas  of  raset  pulses  of  electrons  in  process  of 
accelerations,  obtained  under  varied  conditions  of  injection: 
nunerals  under  oscillograas  shea  duration  of  intervals  between 
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impulses/momenta/pulses  of  Mdischarge/br eak",  ps;  numerals  above 
oscillograms  -  anergy  of  electrons  at  moment  of  "dischar ge/brealc", 
neV;  pumerals  between  oscillograms  -  series  number  of  exp@rin°nt. 

Page  65. 


If  the  resistor/resistance  of  walls  has  finite  value,  then  the 
fields,  caused  by  wave  with  the  frequency  u=  ( 1  — ■ v)o>o,  create  the 

acting  on  the  beam  forces  with  the  component,  cophasal  with  the 
vertical  coherent  rate.  Specifically,  this  wave  can  lead  to  an 
exponential  increase  in  the  transverse  oscillations  of  beam.  The 
energy  of  transverse  action  is  taken  from  the  longitudinal  particle 
motion.  The  electromagnetic  forces,  connected  with  the  wave  by 
frequency  (1  +  v)o>o,  contain  the  component,  shifted  on  180°  relative 
to  vertical  coherent  rate,  and  they  lead  to  exponential  damping  of 
bouncing.  In  work  [15]  it  is  shewn  that  in  the  case  of  the  beam, 
which  consists  of  the  particles  with  identical  values  v  and  w„,  th 
final  conductivity  of  chamber  walls  always  leads  to  instability.  The 
time  constant  of  the  build-up/grewt h  of  instability  for  the  case  of 


betatron  is  given  by  the  equation 

-  -_L  .  .  _C£_.  -51/  8*a(l  -  (115) 

0  2  #'  *Nf>  «* 

whare  m0  and  e  -  mass  and  electron  charge  respectively;  rsnc2/m0cz  * 


energy  of  electron  in  the  energy  units  of  rest;  0=v/c  -  relative 


particle  speed;  c  -  speed  of  light  in  the  vacuum;  h  -  vertical 
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size/dinensicn  or  accelerative  chasbar/caaera ;  <j0=c/2*r0  -  frequency 
of  revolution  of  particle  cn  the  orbit;  r0  ~  radius  of  equilibrium 
orbit;  V«  -  the  nuaber  of  vertical  betatron  oscillations  per 
revolution;  n  -  index  of  the  drop  of  aagnetic  field  cn  a  radius;  »  - 
conductivity  cf  the  material  of  coating  the  walls  of  accelerative 
chamber/canera.  From  the  equation  it  follows  that  the  rate  of  growth 
in  the  instability  is  proportional  to  the  nuaber  of  particles  in  beam 
M  and  is  inversely  proportional  Vo. 

Page  66. 

For  a  high-current  betatron  on  25  HeV  the  entering  equation 
(115)  values  have  values;  =  \r~k  —  where  u0=c/2vro;  r0  =  24  cm; 

*=6.3 •10**  Q"*.  The  substitution  of  these  values  with  N=10**  in 
aquation  (115)  gives  tine  constant  r0— 0.5*1  Q~3  s,  which  by  an  order 
is  less  than  the  duration  of  the  acceleration  of  electrons  in 
betatron  (tr„  10~*  s) .  This  leans  that  the  instability  of  beam  can 
be  developed  several  tines  daring  one  cycle  of  acceleration,  since  rQ 
is  reduced  proportional  to  decrease  y,  then  with  soaller  y  at  the 
beginning  of  the  cycle  cf  acceleration  r0  will  be  still  less. 

Froa  the  given  in  Fig.  10  cscillograas  it  fellows  that  the 
developing  instability  leads  to  the  death  only  of  the  pact  cf 
circulating  electronic  current  in  each  cycle  "automatic  reaper".  The 
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decrease  of  the  circulating  current  leads  to  the  increase  of  "he 
time,  necessary  for  the  development  of  the  subsequent  instability, 
which  is  accompanied  by  the  next  less  of  the  part  of  accelerated 
electronic  current.  This  periodic  process  continues  to  those  pores, 
the  charge  of  the  circulating  current  will  not  be  lowered  tc  certain 
critical  value,  with  which  r0  beccses  more  than  time  t,  which  remains 
to  the  end/lead  of  the  cycle  of  acceleration,  and  losses  no  longer  it 
is  observed.  Consequently,  total  electron  charge,  which  remain  in 
orbit  after  the  cessation  of  "self-ejections",  is  certain  critical 
maximum  charge  of  the  beam  which  can  be  "brought"  in  the  high-current 
oetatron  to  the  end/lead  of  the  acceleration.  Introduction  tc 
chamber/camera  and  capture  in  the  acceleration  of  the  electron  beam 
the  magnitude  of  the  charge  of  which  is  more  than  this  critical 
value,  does  not  lead  to  an  increase  in  the  charge  of  the  accelerated 
beam,  since  this  "excess"  part  of  the  charge  perishes  on  the  chamber 
walls  as  a  result  of  the  developing  instability  of  beam  in  the 
vertical  direction. 

The  value  of  the  electronic  charge  of  beam,  which  circulates  in 
orbit  at  the  different  scsents  cf  the  cycle  of  acceleration,  can  b“ 
evaluated  as  follows.  Time  constant  r0  is  equal  to  the  time,  during 
which  the  amplitude  of  the  bouncing  of  beam  (i.e.,  the  vertical 
size/dimensicn  of  the  accelerated  beam)  grows/rises  an  e  of  tim^s. 
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Page  67. 

Consequently,  the  vertical  size/dimension  of  team  A  grovs/ris<=s 
according  to  the  lav 

f/Xo 

A-Att  ,  M16) 

hence 


where  A0  -  initial  size/'dimensici!  cf  beam,  A  -  maximum  vertical  size 
of  beam,  limited  to  the  vertical  size/dimension  of  h  of  accelerative 
cha  inner  /camera  (in  our  cas9  of  h=1€.  5  cm)  on  a  radius  cf  equilibrium 
orbit  r0=2u  cm;  t  -  time,  necessary  fcr  an  increase  in  the  amplitude 
from  Aq  to  A.  It  is  obvious  that  in  the  gap/interval  between  two  oeam 
bursts  first  is  pressed  in  the  vertical  direction  to  certain  value  of 
A o ,  and  then  again  is  expanded  tc  size/dimension  of  A.  Therefore 
interval  * ;  between  two  impulses/acaenta/pulses  can  be  developed  on 
two  parts,  proportional  tc  relation  U-i/t, .  in  this  case  the  first  part 
of  the  interval  corresponds  tc  the  compression  of  beam,  and  the 
second  -  to  expansion. 

Time  t,  entering  expression  (117),  is  determined  from  the 
intermediate  graphs  which  can  be  constructed  cn  the  basis  of  data  of 
the  oscillograms  (see  Fig.  10)  taking  into  account  corrections  for 
the  increase  in  the  energy  of  beam  in  the  process  of  acceleration, 
and  it  is  written/recorded  in  the  fcrm 

ti  ti- 1 


t  =  t.- 


t,  +  ti- 


(118) 
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For  determining  the  initial  size/dinension  of  A0  of  team,  i.e.,  the 
size/dimension,  to  which  the  beam  will  be  compressed  for  time  t,  wa 
will  use  the  equation  cf  the  charge  density,  obtained  by  P.  A. 
Chardantsav, 


;)  +  2’(e’1-  1)- F  =  0,  (119) 

where 

Tj  —  In—  ;  fl1-  — (1-P*)W  F  =  12- 

H  m 

Value  cf  p o  is  calculated  from  formula  (16),  and  F  is  found  from 
the  equation 

- a*(eT,-l).  (120' 


Page  68, 


The  solution  of  the  equation  of  density  (119)  for  plane  beam  cn  tha 
assumption  that  in  the  bean  changes  only  vertical  size/diaension  with 
the  ccastant/invariable  width  of  team  in  the  radial  direction,  takes 
the  form: 

v  -  fi  V  e2(,— ^  —  1  —  2  (e2,  — ^  —  e1*)  -  ®  (v),  (121) 

Where  no=n  ((*0).  with  t=0  the  beam  has  the  maximum  vertical  size  of 
A=h  and  tj=0;  in  this  case  and  the  right  side  in  equation  (121) 

is  turned  into  zero. 


From  equation  (121)  it  is  possible  to  determine  function  /(I): 
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la  general  this  integral  is  not  taken;  therefore  its  value  is  located 
by  numerical  integration. 


Determining  t  according  to  expression  (118)  from  the 
oscillogram,  it  is  pcssitla  tc  find  from  the  graphs  the  vertical 
size/di  me  ns  ion  of  beam  Aal,  which  corresponds  to  time  t.  It  should  be 
noted  that  value  A0  proves  to  be  approximately  identical  for  all 
values  of  energy  E  of  launching/stacting,  i.e.,  for  any  interval  t,. 
Substituting  A0i  into  expression  (117),  we  find  value  t0(  for  the 
appropriate  i  moment/torque  of  the  cycle  of  acceleration. 
Substituting  *«<  in  equaticn  (115),  we  obtain  numbers  of  particles  N, 
which  circulate  in  orbit  in  any  tiie  interval  between  the  i-th  and 
(i*1)-th  reset  pulses  of  electrcns.  The  results  of  calculation  for 
the  oscillogram  (see  Fig.  10,  series  11-11)  ace  given  in  Table  3. 
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Page  b9. 

The  drop  of  the  current  of  the  char ged/lcaded  particles  in  tt 
process  of  acceleration  is  given  cn  the  graph  of  Fig.  11.  Point  3 
(see  Table  3)  for  the  oscillograa  in  question  falls  out  from  the 
genera 1/comncn/total  shape  of  tie  curve.  Beaaining  six  points  are 
placed  to  the  curve.  As  can  be  seen  from  graphs,  the  loss  of 
electrons  as  a  result  of  the  lateral  instability  of  beam  concludes 
for  the  data  of  the  cases  uith  the  energy  of  electrons  of 
approximately  10  MeV,  dscreasinc  the  charge  of  the  seized  into  the 
acceleration  beam  5-6  tines. 
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Table  3. 


,\  Houep 

'  )  TMKN 

;  *  \  V..CTO. 
r- )  ocn.juO" 
rp.wiiu 

i 

Hmfiu  i. 

{•>) 

r— ^ — 

3uepr«t  •  no* 

HUT  tj,  M9$ 

15)^,  io» 

Mtrrpoaoe 

1 

t\ — 0 

205 

19,6 

8,0 

2 

65 

2.46 

4.4 

3 

100 

3,26 

3.4 

4 

t*~h 

no 

4,52 

2.7 

5 

130 

5.12 

3,2 

6 

t% — h 

180 

6,61 

2.35 

7 

4 — 4 

290 

8.34 

2.03 

Key:  (1).  Number  of  point.  (2).  Section  of  oscillogram.  (3).  Interval 
i,  ps.  (4).  Energy  into  mcment/torgue  ,  HeV.  (5).  n,  10 12  electrons. 

tOaiacmtiu  (J ) 


Pig.  11.  Decrease  of  accelerated  electron  charge  due  to  lateral 
instability  of  beam. 


Key:  (1)«  particles.  (2).  ps. 


Page  70 
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The  suDseqgent  slow  and  insignificant  decrease  of  the  charge  of  beam 
is  caused  by  the  usual  reasons  (less  on  the  atoms  of  residual  gas, 
etc.) .  Up  to  the  moment/tergue  cf  the  end  of  the  process  of  the 
vertical  oscillation  of  teas  a  number  of  particles  ccaprises 
2. 03*10 12  (see  Fig.  11).  The  measured  number  of  accelerated  electrons 
comprises  3*1012,  which  will  agree  well  with  the  results  of  the  given 
abeve  calculations. 

Using  data  of  these  calculations,  it  is  possible  to  present 
qualitatively  the  picture  of  the  behavior  of  beam  in  the  high-current 
betatron  in  the  process  cf  acceleration.  This  picture  is  represented 
in  Fig.  12.  It  is  necessary  tc  rcte  that  scanning/sweep  of 
oscillograph  OK- 17m,  on  which  were  removed/ta Jcen  oscillograms ,  was 
nonlinear.  On  the  graph  cf  Pig.  12  is  represented  the  oscillcgram  cn 
the  graphic  scale  of  time. 

From  the  figure  it  is  evident  that  with  an  increase  E  and 
decrease  N  increases  time  t,  necessary  for  the  oscillation  of  beam 
from  A0<h  to  A=h ,  where  h  -  vertical  size/dimension  of  cham ter/came ra 


on  radius  r 
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1,st  l ,*6  J,2i  *J2  s,n 

TmTT 

us[m  \  m  \  m 


— 

l^Oa 
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■ 

/  Vi  4* 

0,2) 

VS  1 

2ja 

Pig.  12.  The  qualitative  picture  cf  the  behavior  of  team  in  the 
high-current  oetatron  on  the  graphic  scale  of  tine  (series  11-11): 
A/2  -  half  size/di eension  of  doughnut  in  z-directicn;  A0/2  -  half 
size/dimensicn  cf  beam  at  the  aceent  of  coepression. 


Key:  (1).  neV.  (2).  ps.  (3).  Axis/axle  of  bundle. 

Page  71. 

After  a  decrease  in  the  nuaber  cf  circulating  electrons  to  tbs  value 
of  order  (2-3)  *10‘*  the  tiae  cf  tfae  development  cf  instability 
becomes  sore  than  the  time,  which  remains  to  the  end/lead  of  the 
cycle  of  acceleration,  and  this  entire  beaa  being  retained  tc  the 
end/lead,  it  is  dumped  tc  the  target  of  accelerator.  Thus,  for  the 
first  tiae  during  the  creation  cf  betatrons  in  the  high-current 
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betatrons  of  TPI  they  will  achieve  the  limiting  current  of  electrons, 
the  component  to  (2-3) *10**  particles/pulse  which  can  be  accelerated 
in  the  prescribed/assigned  parameters  of  the  magnetic  field  cf 
accelerator.  Limiting  current  is  limited  to  the  onset  of  the  lateral 
instability  of  beam,  caused  by  interaction  of  beam  with  the 
conducting  layer  of  coating  chamber  walls.  An  increase  in  the  number 
of  seized  into  the  particle  acceleration  does  not  lead  therefore  to 
an  increase  in  the  number  of  particles,  led  tc  the  end/lead  cf  the 
cycle  of  acceleration,  and  therefore  does  not  increase  the  rate  of 
the  dcse  of  bremsstrahl ung. 

^12.  Determining  the  dimensions  of  focal  spot  to  the  target  cf 
betatron  and  the  results  cf  the  tests  of  betatrons. 

For  applying  the  betatroos  in  the  industrial  radiography  it  is 
necessary  to  know  the  dimensions  Cf  the  "focal  spot",  formed  by  the 
bean  of  the  accelerated  electrons  at  the  end  cf  operating  cycle  on 
the  target  of  accelerator.  Foz  measuring  the  sizes/dimensions  of 
focal  spot  was  used  the  special  chaiber/camera  whose  diagram  was 
given  in  Pig.  13.  The  beam  cf  the  bremsstrahlung  of  direction  into 
the  lead  objective,  which  has  the  opening/aperture  with  a  diair^ter  cf 
0.1  mm,  and  on  the  photcgraphic  film  is  obtained  the  inverted  image 
of  radiation  source,  i.e.,  focal  spet  on  the  target  cf  betatron. 


Objective  and  chaaber/canera  are  reliably  shielded  from  secondary 
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radiation  by  lead  shields.  The  sizes/dimensions  of  objective  and 
chamber/canera  are  clear  froi  the  drawing.  In  the  test  whose  diagram 
is  shewn  for  Pig.  13,  the  iaage  cf  focal  spot  on  the  photographic 
film  was  obtained  to  scale  1:2.  Spot  has  elongated  in  the  vertical 
direction  form  with  the  sizes/diaecsions  about  1x3  and  0.1x3  mm  for 
the  betatrons  to  25  and  15  MeV.  The  obtained  sizes/diaensions  cf 
focal  spot  are  satisfactory  fer  conducting  the  aajority  cf  practical 
works  and  investigations  before  the  flaw  detection. 

The  practical  possibilities  c£  pulse  betatron  during  its  use  for 
the  radioscopy  of  material  in  the  pulse  radiography  were  evaluated 
according  to  tha  radioscopy  of  the  aaxinue  thickness  of  lead  block. 

Page  72. 

Or.  the  path  cf  the  bundle  of  breesstrahlung  it  was  placed  the  lead 
key,  carried  out  in  the  fera  of  cube  with  the  side  50  ma,  which  has 
on  the  face,  turned  to  the  photographic  film,  the  cylindrical 
openings/apertures  of  different  depth.  Cassette  with  the  film  was 
arranged/located  directly  after  the  key  and  was  from  behind  shielded 
by  the  layer  of  lead.  The  overall  thickness  of  the  absorber  before 
the  fila  changed  with  suppleaentary  lead  blocks.  The  task  consisted 
of  the  deteraination  cf  aaxiaua  thickness  of  the  x-rayed  material, 
i.e.,  this  thickness,  which  "was  available"  to  bean  under  the  most 


favorade  conditions  of  radiosccpy  (fluorescing  intensifying  screens 
mcst  sensitive  photographic  materials,  ate.).  As  the  radiaticn 
detector  was  utilized  the  x-ray  fill  of  firm  "Ilford"  with 
fluorescent  intensifying  screens  (front/leading  and  rear) .  By  one 
emission  impulse  it  vas  possible  tc  X-ray  the  layer  cf  lead  with  a 
thickness  of  140  am.  In  this  case  on  the  fils  vas  distinguished  the 
i«io»  of  che  openings/apertures  cf  the  key,  on  which  vas  determined 
* i •» *r*  x-rayed  thickness.  Average  density  of  blackening  of  film 
0. 7-0. 9.  The  photometric  measurement  of  films  vas  net  produced. 
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Fig.  13.  The  diagram  of  chaaber/caaera  for  photographing  of  the  focal 
spot  of  betatron:  1  -  target;  2  -  objective;  3  -  chamber  casing;  4  - 
photographic  film.  Belcw  -  the  scheaatic  of  the  construction/design 
of  objective. 

Key:  (1).  Bean. 

Page  73. 

For  tba  radioscopy  of  the  saae  block  of  lead  ca  the  betatron  cf  TPX 
on  30  MeV  at  the  rate  of  the  dose  cf  70-80  r/iin  was  required  the 
tiae  froa  three  to  five  seconds,  i.e.,  froa  ISO  to  250  emission 
impulses.  This  aeans  that  the  average/aean  radiation  dose  rate  of 
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high-current  betatron  per  cycle  of  acceleration  is  a pproximatel y  5 
r/cycle,  i.e.,  it  is  apprcxiaatel  y/exeaplarily  200  times  more  than  in 
usual  betatron  on  30  MeV. 

Far  the  laboratory  evaluaticc/estimate  of  the  technical 
possibilities  of  high-current  betatrons  to  25  and  15  MeV,  working  at 
the  frequency  50  Hz,  were  carried  cut  soae  investigations  on  the 
radiographic  flaw  detecticn  of  the  thick  layers  of  different 
materials  {lead,  steel  and  plastic),  in  the  process  cf  the  radioscopy 
of  samples/speciaens  to  the  fill  cf  type  RM-1  and  RT-1  were  selected 
the  optimum  thicknesses  cf  aetal  intensifying  screens  on  the  naximum 
blackening  of  fila  at  the  minimux  fcr  each  specific  case  exposure. 
Investigated  also  a  change  in  the  necessary  thickness  of  intensifying 
screen  with  an  increase  in  the  thickness  of  the  x-rayed  layer  of 
material.  As  a  result  of  the  filtration  of  radiation/eaissicn  the 
thickness  of  front/leading  intersifying  screen  respectively 
grows/rises.  The  high  intensity  of  the  breasstrahlung  of  high-current 
betatrons  aakes  it  pcssitle  to  considerably  reduce  the  time  cf 
exposure  with  the  radiosccpy  cf  aaterials  in  thickness  to  300-400  mm 
they  began  tc  increase  bcth  the  aaxiaua  thickness  of  the  x-ray^d 
material  and  productivity  cf  the  betatron  aethod  cf  ccntrci/checking. 

Thus,  the  layer  of  steel  in  thickness  200  and  400  mm  is  x-ray°d 
with  the  radiant  energy  11  MeV  and  focal  length  of  1  o  for  1.5  and  40 


DOC 


80171504 


PAGE 

ain  respectively.  But  with  the  energy  of  emission  of  25  MeV  and  the 
fecal  length  of  2  a  the  layer  of  steel  in  thickness  200  and  500  am  is 
x-rayed  respectively  in  2-3  s  and  40  ain. 

The  photographic  density  cf  film  in  all  cases  was  led  t r  1. 6-1.7 
units  of  optical  density.  Fig.  14a  depicts  the  dependence  of  *ho  time 
of  the  exposure  of  the  radioscopy  cf  different  material  with  the 
radiant  energy  11  rleV  on  the  thickness  of  abserber.  The  high 
intensity  of  radiaticn/eaission  decreases  the  ill  effect  of  the 
associated  transient  processes.  Therefore  is  possible  obtaining  the 
detectability  of  defects  in  limits  cf  0. 9-1o/c  of  thickness  of  the 
x-rayed  layer  in  entire  range  of  the  thicknesses  of  material  (from 
200  to  510  aa  on  steel). 
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Fig.  14.  Graphs  of  exposures  (a)  and  detectability  of  defects  (b)  for 
case  of  high-current  betatron  with  energy  11  SeV:  1  -  lead,  focal 
length  of  1  m,  film  Rfl-1,  shields  1P2;  2  -  steel,  focal  length  of  1 
m,  shields  1P2;  3  -  plastic,  focal  length  of  2  »,  shields  1  p 2 . 
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Key:  (1).  Exposure,  min.  (2).  Thickness  of  absorber,  see  (3). 
Detectability  of  defects,  mm.  (4).  Thickness  of  absorber,  mm. 

Page  75. 


The  detectability  of  defects,  determined  by  the  standard 
penetrameters,  prepared  from  the  material  of  the 

contr oilable/controlled/inspected  sample/speciaen,  is  represented  in 
Fig.  14b.  Due  to  the  large  thickness  of  the  x-rayed  samples/specimens 
(throughout  the  model  mass  more  than  1500  mm  with  the  radiant  energy 
11  MeV)  the  image  of  the  defect,  located  near  by  that  turned  to  the 
radiation  source  of  the  wall  cf  sample/specimen,  is  increased,  which 
impedes  the  determination  of  its  actual  sizes.  The  simultaneous  us-* 
of  two  beams,  generated  by  sterectetatro n,  makes  possible  the 
stereo-exposure  of  defect.  Fig.  15  shows  the  obtained  with  the  ail  of 
the  stereobetatron  X-ray  stereoscopic  photograph  cf  the  steel 
article,  which  has  longitudinal  blind  opening/aperture.  The  lcwer, 
more  light  part  of  the  negative  corresponds  tc  the  layer  of  lead  with 
a  thicKness  of  50  mm  (standard  lead  brick  of  biological  protection) , 
which  was  established/installed  before  the  article.  Exposure  during 
the  photographing  1-2  s. 


Fig.  15.  X-ray  stereoscopic  photograph  of  steel  cylinder  with  the 
concentric  cavity:  transverse  band  -  face  of  the  lead  brick,  which 
was  being  located  before  the  article;  exposure  of  approximately  1  s. 

Page  76. 

The  laboratory  tests  of  high-current  betatrons  confirm  the  gr®at 
possibilities  of  their  use/application  for  the  radiographic 
monitoring  of  articles  and  materials  of  large  thickness. 

gU.  Position  finding  of  defect  with  the  aid  cf  two  beams  cf 
b re as st  rahlung. 


During  the  flaw  detection  of  the  thick  layers  of  materials  with 
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the  aid  of  the  betatron  bremsst rahlung  frequently  appears  the  need  in 
tha  determination  of  the  depth  cf  the  occurrence  of  the  discovered 
defect  in  the  thickness  of  the  ccntrollable/ccntrolled/inspected 
material  or  article.  The  betatron*  which  generates  two  beams  cf 
bremsstrahlung  [11]*  considerably  facilitates  this  task,  sinc«  it 
manes  it  possible  to  obtain  the  space  image  of  defect.  Analyzing  the 
geometric  picture  of  the  obtained  space  image  of  defect,  it  is 
possible  to  determine  the  depth  of  the  occurrence  of  defect  in  ths 
article. 

in  the  presence  of  two  fixed/recorded  beams  with  the 
prescribed/ass-' gned  distance  cf  B  between  foci  and  ar.d  the 

angle  a  between  the.  beams  the  procedure  of  the  inspection  of  article 
is  reduced  to  the  following; 

1.  article  is  moved  in  parallel  to  line  (Fig.  16)  by 

steps/stages  corresponding  to  the  field  of  irradiation. 

2.  Focal  length  F  remains  constant  during  inspection  of  this 
article. 

3.  Position  of  photographic  films  and  their  sizes/dimen sicns  are 
selected  conceal  by  shape  so  that  field  of  irradiation  by  pillar 
would  be  placed  over  area  of  file. 
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Lat  us  examine  two  possible  cases  during  the  use  of  a 
stereooetatrcn  for  the  stereo-flaw  detection.  In  the  most  favorable 
case  dafect  "see"  both  beaes  simultaneously ,  i.e.,  defect  is  located 
in  the  intersection  region  of  beams.  Por  determining  tha  coordinate  x 
it  suffices  to  measure  the  distance  between  the  images  of  defect  on 
the  photographic  films.  In  this  case  the  expression  for  x  in 
accordance  with  the  geometric  constructions  on  Fig.  1b  takes  tha  form 
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(129* 


with  c~0  (films  are  located  directly  on  the  surface  cf  article) 

.t  -  — ft'-—  •  (126) 

by  -r-  B 

In  the  large  phase  (for  example,  in  the  two-chamber  stereobetatrcn) 
and  with  the  radioscopy  of  large-size  articles  is  possible  the  casa 
when  the  defect  first  falls  in  the  field  only  of  one  beam,  sc  that 
the  defect  would  be  "noticed"  by  the  second  beam,  it  is  necessary 
article  to  move  in  the  direction  cf  itr  longitudinal  axis  to  certain 
distance  of  1  (Fig.  16) . 


Pig.  16.  Diagram  of  stereo-flaw  detection  by  two  beans  of 
stere-obetatron. 

Page  78. 


In  this  case  tha  depth  of  the  occurrence  of  defect  easily  is  found 


from  the  sane  geometric  relaticrsfci ps/ratios: 

Ht'i  0 


—  c. 


(127) 


-t-S 

In  the  prascribed/assigned  direction  of  novement  of  articla  the 


defect  is  fixed/recorded  with  first 


or  second  beam,  depending 


on  that,  through  what  side  of  the  region  of  the  radicsccpy  cf  beams 
it  is  located.  The  latter  deter  lines  the  sign  of  value  1  in  formula 


ooc 
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(127) .  in  the  case,  depicted  in  Pig.  16,  the  defect  is  locatfd  behind 
the  intersection  region  cf  beams  (cn  the  course  of 
radiation/eaission) ;  therefore  it  falls  before  in  the  field  of  the 
view  cf  the  second  beam.  Value  1  in  formula  (127)  in  this  case  is 
positive. 


The  required  fcr  determining  cf  z  value  can  te  replaced  by 
value  b=b1>-l  which  is  measured  more  easily  than  blv  especially  with 
the  large  sizes/dioensicns  of  the  ccntrollable/controlled/inspected 
article.  2s  measured  value  b  as  fellows.  Let  defect  A  during  the 
first  pnotographing  prove  to  be  in  the  zone  of  action  of  the  first 
beam.  Its  image  was  designed  at  pcint  \x  of  photographic  film  Pt. 
Against  this  point  on  the  surface  cf  article,  turned  to  the 
photographic  film,  is  recorded  by  chalk.  After  this  article  they 
gradually  move  relative  to  radiaticn  source,  and,  when  displacement 
reaches  certain  value  1,  defect  A  falls  into  the  zone  of  the  action 
of  the  second  beam  and  its  image  it  will  be  designed  at  point  h2  of 
film  P2.  In  this  case  the  mack,  which  corresponds  to  the  first  image 
of  defect,  also  is  moved  tc  value  1.  The  place  of  the  second  image 
again  is  fixed/recorded  cn  the  article.  After  measuring  the  distance 
between  the  marks  on  the  article,  we  will  obtain  b=bt*- 1.  Ir.  this 


case  formula  (127)  somewhat  changes: 

n 


x  — 


—  c. 


♦128) 


(«  +  »)  ± l 

From  the  geometry  Pig.  16  it  is  possible  to  alsc  find  expression 
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foe  determining  coordinate  y  of  defect  fro*  the  longitudinal  axis  of 
article.  This  coordinate  should  be  counted  off  fro*  the  marks  on  the 
article. 


Page  79. 

During  the  use  of  a  mark,  which  corresponds  to  the  second  image  cf 
defect,  the  expression  fer  y  takes  the  for* 

y- +  (129) 

where  a2  -  displacement  cf  the  seccnd  iaage  of  defect  relative  to  the 
trace  of  central  ray,  i.e.,  relative  to  the  center  of  photographic 
film.  If  the  iaage  of  defect  is  lccated  to  the  right  of  the  trace  of 
central  ray,  as  occurs  in  Fig.  16,  value  a2  in  formula  (129)  is 
negative,  in  the  opposite  case  -  it  is  positive. 


DOC 


80171504 


PAGE  jfr 


/> 


/ 


Thus,  the  method  of  the  stereo-controi/stereo-checking  cf 
Large-size  articles  and  thick-walled  Materials  examined  gives  the 
possibility  with  a  sufficient  degree  of  accuracy  to  determine  the 
coordinates  of  the  location  or  defect  in  the  thickness  of  the 
contrcllable/controlled/inspected  eaterial.  Method  is  convenient  for 
the  inspection  of  batch  production  in  the  the  production  conditions. 
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Page  80. 

Chapter  5. 

Two-chamber  stereobetatr cn. 

o 

In  many  instances  cf  the  practical  use /application  of  betatrons 
appears  the  need  of  irradiating  the  object  from  two  isolated  points 
with  the  separate  location  of  the  input  and  output  fields  of 
irradiation. 

For  example,  in  the  industrial  flaw  detection  of  thick-walitd 
materials  cr  parts  it  is  necessary  not  only  tc  reveal/detect  the 
presence  of  defect,  but  also  to  determine  its  location  in  the 
thickness  cf  material.  The  presence  of  stereoscopic  photograph  makes 
it  possible  to  unambiguously  determine  the  depth  of  the  occurrence  of 
defect  in  the  article. 

in  the  clinical  medicine  it  is  possible  to  use  the  two-field 
rotation  irradiation  cf  object,  selecting  the  fields  of  input  and 
output  of  beams  in  such  a  way  that  the  beams  would  intersect  on  the 
swelling. 
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The  duration  of  the  emission  impulse  of  betatron  comprises 
usually  about  10  ps.  The  use/application  of  special  attachments 
reduces  eaission  impulse  to  0. 1-0.2  p s  £12],  Betatron  with  the  short 
amission  impulse  can  be  used  for  the  pulse  radiography  of  the 
high-speed  processes  or  fast-moving  machine  parts  and  mechanisms.  If 
we  allow  movement  of  moving  object  up  to  the  distance  cf  0.  1-1.0  mm 
for  the  tine  of  exposure,  equal  tc  0.1  ps,  then  this  corresponds  tc 
the  rate  of  the  displacement  of  object  from  10*  to  10*  km/h.  The 
irradiation  of  object  froe  two  isolated  points  makes  it  possible  to 
obtain  the  stereoscopic  image  of  the  part,  which  moves  in  the  closed 
space,  unavailable  to  optical  observation.  For  studying  the  dynamics 
of  the  high-speed  process  it  xs  desirable  so  that  the  emission 
impulses,  which  pass  from  two  different  points,  would  be  cu*:  cf  phase 
certain  adjustable  angle. 

Page  81, 

In  this  case  are  obtained  two  photographs,  corresponding  to  two 
concrete/specific/actual  stages  developments  cf  process  in  the  time. 

It  is  possible  to  give  another  series/row  of  examples  indicating 
the  need  for  the  two-field  rotation  irradiation  of  the  subject  of 
investigation.  The  two-field  rotation  irradiation  of  object,  cr 
sterso-irradiation,  can  be  solved  by  several  eethods. 
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1.  Dis placa ment  of  betatron  relative  to  object  over  circular  arc 
of  prescribed/assigned  radius  B  cr  rotation  of  object  arcund 
axis/axle,  passing  through  region  of  object  being  investigated.  Both 
versions  are  utilized  both  in  the  industrial  flaw  detection  and  in 
the  medical  practice,  stcrtcosicgs  in  these  methods:  a)  the  need  for 
the  construction  of  mechanises,  which  ensure  several  degrees  of 
freedom  with  the  displacement  of  eguipment,  b)  the  impossibility  of 
the  realization  of  the  high-spsed/fcigh-velocity  stereo-exposure  of 
moving  objects. 

2.  use /application  of  two  separate  betatrons  for  solution  of 
problems  of  stereo- irradiation.  However,  the  considerable 
complication  of  the  operation  of  two  betatrons  in  comparison  with 
ore,  the  need  for  the  special  timing  eechanism  of  the  work  cf  two 
betatrons  with  the  high-speed/high-velocity  stereo-e xpcsure  cf 
objects,  the  raquirement  for  the  supplementary  areas/sites  fcr 
positioning/arranging  of  tetatrccs  and  auxiliary  eguipment  and  so 
forth  make  use  for  stereo- irradiation  of  two  betatrons  unsuitable. 

3.  Development  of  special  constructions/designs  of  betatrons, 
which  generate  two  beams  cf  breasstrahlung.  one  of  the  versions  cf 
this  betatron  is  developed  and  he  is  in  series  released  by  firm 
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"Braun-Boveri"  in  Switzerland  [15],  Pirn  "Braun- Bo veri",  utilizing 
for  accelerating  the  electrons  the  first  and  third  fourth  of  period 
of  a  cnange  in  the  magnetic  flux,  generates  in  its  betatron  two  beams 
of  the  breasstrahlung  which  are  alternated  with  phase  shift  in  1d0°. 
riowever,  the  distance  between  the  radiation  sources  limitsd  tv  th * 
diameter  of  vacuum  accelerator  chatter  and  for  the  magority  cf 
betatrons  does  not  exceed  0.5  a.  Therefore  the  three-dimensionality 
of  the  image  of  defect  is  expressed  weakly,  especially  with  th* 
radioscopy  of  the  thick  layers  cf  taterials  and  the  large  focal 
length.  Furthermore,  a  double-beat  betatron  of  such  type  do*s  not 
aa*c  it  possible  to  produce  the  high-speed/high-velocity 
sterec-e  xpcsure  cf  moving  objects  due  to  the  asynchrony  of  the 
generation  of  beans. 
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a.  ijse  of  t  no-chain fcer  stereotetatron,  proposed  and  developed  in 
TPI.  In  this  case  most  completely  satisfy  the  requirements  cf  the 
stereo-exposure  of  the  fixed  and  mcving/dri ving  at  a  high  speed 
objects.  The  first  two-chamber  stereobetatron  (on  10  :ieV)  was  put 
into  operation  in  1957.  in  Pig.  17  it  is  represented  its 
construction/design. 

During  first  fourth  cf  period  of  a  change  in  the  magnetic  field 
the  acceleration  in  beth  qaps  of  stereobeta tr cn  is 
accomplished/realized  simultaneously  during  the  motion  of  the 
accelerated  electrons  along  the  equilibrium  orbits  in  opposite 
directions.  Changing  target  location,  it  is  possible  to  obtain  any 
desired  direction  of  propagation  cf  beams.  It  is  obvious  that  in  the 
ste reooetatron  it  is  possible  *c  utilize  for  the  acceleration  and 
second  fourth  of  period.  In  this  case  the  stereo  betatron  will 
generate  respectively  four  beams,  which  considerably  expands  the 
practical  possibilities  cf  accelerator. 


Two  crossing  itself  beams,  which  appear  simultaneously,  make  it 
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possible  to  solve  all  enumerated  above  problems  of 

stereo- irradiation.  The  distance  between  the  radiation  sources  in  the 
starecbetatrcn  to  the  energy  10-25  nev  exceeds  100  cm,  which  provides 
the  well  expressed  three-dimensionality  of  the  obtained  photographs. 


DOC 


80171505 


PAGE 


Fig.  17.  Diagram  of  the  ccnstructicc/design  of  two-chamber 
stereo betatron. 

Page  83. 

The  operating  principle  of  twc-cham ber  stereobetatron  ices  not 
differ  from  the  principle  of  the  operation  of  usual  betatron. 
However,  some  specific  questions,  connected  with  the  design  features 
of  steraobetatron  in  comparison  with  tha  betatron  of  w-shaped 
const  ruction/design ,  required  more  detailed  examination  ar.d 
development . 

In  comparison  with  w-shaped  type  betatron  two-chamber 
stsreobetatron  it  possesses  two  special  features/peculiarities,  wf.rc 
escape/ensue  from  its  ccnstr ucticn/design.  First,  the  magnetic  flux 
of  stereobetatron  does  net  branch,  being  general/common/total  for 
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both  accelerative  systems.  In  the  second  place,  occurs  the  mcrs 
sharply  pronounced  asymmetry  cf  magnetic  circuit  with  respect  to  the 
pole  pair  of  the  shaped,  since  pole  they  are  arranged/located  at  the 
ends/leads  of  the  frameworks,  fcrt  not  in  their  center.  Both  these 
special  features/peculiarities  can  introduce  supplementary 
disturoances/perturbaticrs  into  the  structure  of  the  magnetic  field 
of  sterecbetatron  and  cause  the  specific  technical  difficulties  in 
obtaining  cf  the  satisfactory  characteristics  of  magnetic  field  in 
the  ir.terpolar  space  cf  accelerator. 

During  the  development  of  tvc-chaaber  stereobetatron  arose  th? 
connected  with  the  special  features/peculiarities  of  its 
ccnstruction/design  questions,  which  required  more  detailed  study  and 
experimental  investigation. 

1.  Considerable  amplification  of  azimuthal  magnetic  bump  of 
stereoDetatron  by  asymmetric  magnetic  structure. 

2.  Absence  of  upright  struts  cf  magnetic  circuit,  eliminating 
use/applicaticn  of  compensating  turns  for  correction  of  azimuthal 
phase  magnetic  bump.  Arrangeient/position  of  the  corrective  turns  on 
the  frameworks  of  electromagnet  does  not  give  the  desired  eff«cr  cf 
the  adjustment  of  the  structure  cf  field,  since  fcr  both  working  gaps 
of  stereobetatron  magnetic  flux  general/common/total  and  therefore 
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the  adjustment  of  the  structure  cf  field  in  one  gap  can  lead  to  the 
distortion  of  field  in  ether  gap.  In  ether  words,  the  adjustment  of 
phase  magnetic  bump  of  sterecfcetatr cn  can  prove  to  be  virtually 
impossi ble. 

3.  Possible  decrease  in  intensity  of  radiation/emission  in 
stereoDetatron ,  caused  by  two  preceding/pra vicus  requirements. 

Page  84. 

one  should  emphasiae  that  due  to  the  absence  of  the  analogous 
ccnstructions/designs  of  electromagnets  in  the  existing  betatrons, 
and  also  the  information  cn  these  questions  in  the  literary  sources 
we  were  forcad  during  the  construction  of  the  first 

stereebetatrons +o  develop  each  question  theoretically  and  check  th*» 
results  of  calculations  experimentally. 

Let  us  compare  the  structures  of  the  magnetic  field  of 
two-chamber  stereobetatr cn  and  betatron  of  w-shaped 
corstruction/design.  The  methods  of  obtaining  the  satisfactory 
structure  of  magnetic  field  in  the  stereobetatron  whose 
characteristics  must  be,  at  least,  not  worse  than  in  the  betatron  cf 
usual,  w-shaped  construction/design. 
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§14.  Azimuthal  magnetic  tump  of  betatron. 

In  the  theoretical  examinaticr  of  electron  motion  in  the 
betatron  it  is  assumed  that  the  magnetic  field  in  the  interpclar 
space  does  not  depend  on  azimuthal  angles.  However,  in  the  carried 
out  constructions/designs  of  the  electromagnets  of  betatrons  always 
occurs  certain  azimuthal  magnetic  bump.  This  leads  to  the  distortion 
of  the  circular  orbit  of  the  accelerated  electrons,  from  the  theory 
of  induction  accelerator  it  is  known  that  divergence  x0  of  the 
distorted  orbit  from  the  equilibrium  is  determined  by  the  expression 

T  =S  1  cos<ef-«-).  C33) 

/-i 

where  ra  -  radius  of  equilibrium  orbit;  hl  -  relative  value  of  the 
fundamental  harmonic  cf  the  decomposition  of  the  magnetic  field  of 
betatron  in  the  Fourier  series;  ai  -  phase  of  the  1  harmonic;  n  - 
index  of  the  drop  of  magnetic  field. 

Azimuthal  magnetic  bump  cf  betatron  approximately  can  be 
rated/estimated  as  follows.  Let  the  intensity/strength  of  field  H,  at 
certain  point  of  equilibrium  crbit  (6.  r  0)  change  according  to  tho 
sinusoidal  law 

H,  =  H„,  «in  uit,  (134) 

where  H01  -  amplitude  of  the  strength  of  field  at  point  (0.  r0). 
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At  another  point  (e2(  r0)  the  strength  of  field  can  differ  from  the 
first  both  in  the  amplitude  and  in  the  phase,  i.e.. 


=  H0j  sin  [ot  —  <?■;,  (135) 


where  »  -  phase  shift  between  the  vectors  of  the  intensity/stranyth 
of  field  H0  and  H2.  Taking  into  account  that  the  angle  *  is  small  in 
the  value,  we  obtain 


H,-H, 

H, 


-  Ha, 

Hoi 


f  _  Hk  H,„ 

tg  u.f  ^  H  „ 


+ 


1 

tfvt 


(136) 


since  value  h02/h01,  clcse  to  unity. 


From  the  obtained  expression  follows  that  the  heterogeneity  of 
field  for  two  points  in  guestioc  is  conposed  cf  two  components:  by 
amplitude  ( H02-H01) /H0 1  and  teaporary/time,  or  phase  */tg  ut. 
Amplitude  (static)  magnetic  bump  appears  as  a  result  of  the 
dissymmetry  of  constroction/design,  inaccuracy  in  manufacture  and 
assembly  of  the  separate  parts  cf  magnetic  circuit  and  edge  effects 
upon  transfer  of  magnetic  flux  through  the  structural/design  gaps, 
i.e.,  as  a  result  of  the  different  reluctance  of  the  sections  of 
magnetic  circuit  along  separate  field  lines. 


The  phase  heterogeneity  of  field  appears  as  a  result  of 
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diffarant  energy  losses  kith  the  Fass®9®  of  flow  on  the  individual 
sections  of  magnetic  circuit.  This  difference  in  the  energy  losses  is 
caused  by  nonunifora  magnetic  flux  distribution  according  tc  the 
packets  of  the  framework  cf  aagnetic  circuit,  the  overflowing  of  flow 
of  one  section  of  magnetic  circuit  in  another  across  the  sheets  cf 
steel,  and  sc  forth.  As  a  result  aagnetic  flux  at  one  point  proves  to 
be  out  of  phase  to  that  cr  other  side  relative  to  flow  at  another 
point  of  interpolar  space. 

Fig.  18  depicts  vector  diagraa  of  phase  and  amplitude  magnetic 
bumps  of  betatron. 

Page  86. 

From  the  diagram  it  is  evident  that  the  amplitude  heterogeneity  is 
determined  by  the  vector,  cophasal  with  vector  Hair  and  phase  -  by 
vector,  perpendicular  tc  vector  Hox.  At  the  beginning  of  the  cycla  of 
acceleration  with  small  wt  the  high  value  has  the  phase 
heterogeneity,  which  reaches  by  1C-12o/o  during  the  injection, 
wheraas  amplitude  heterogeneity  composes  2-3o/o.  Bith  the  the  large¬ 
st  phase  heterogeneity  cc  longer  has  a  value,  since  its  value 
approaches  zero.  Both  ccaponents  cf  azimuthal  magnetic  bump  cf 
oetatron  are  well  studied  [1]  and  developed  the  methods  of  their 
correction. 
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Let  us  pause  in  sore  detail  at  the  aziauthal  heterogeneity  of 
field  (both  aaplitude  and  phase)  in  connection  with  conditions  in  the 
twc-chasber  stereobetatccn. 
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Fig.  18.  7ector  diagram  cf  phase  and  amplitude  magnetic  bumps  of 
oetatron. 

§15.  Amplitude  (static)  aagnetic  tump. 

Usually  in  the  betatron  the  asplitude  heterogeneity  of  field 
acss  not  exceed  allowed  value  (2-3c/o)  and  does  net  require  special 
ad  justment. 

Two-chamber  stereobetatron  has  the  more  sharply  pronounced 
asymmetry  of  magnetic  circuit  in  comparison  with  the  betatron  of 
v-shaped  ccnstruction/design,  since  the  pole  cf  stereobetatron  they 
are  arranged/located  at  the  ends/leads  of  the  frameworks  of  magnetic 
circuit.  Therefore  for  explaining  the  structure  of  aagnetic  field  we 
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will  estimate  the  expected  amplitude  heterogeneity  of  sterecbetatron , 
taking  into  account  the  design  features  of  magnetic  circuit,  and  lat 
us  compare  the  calculated  and  experimental  amplitude  heterogeneity  of 
stereobetatron  with  the  appropriate  values  of  the  betatron  of 
w-shaped  construction/design. 

Page  87. 

Assuming  that  the  precision/accuracy  of  the  assembly  of  the 
magnetic  circuit  of  betatron  and  stereobetatrcn  is  identical,  it  is 
possible,  obviously,  tc  consider  that  a  difference  in  the  amplitude 
heteroqeneit y  of  betatron  and  s terecbeta tron  will  be  determined  only 
by  a  difference  in  the  lengths  of  the  lines  of  force  of  the  iragr.etic 
field  of  one  construct icn/desig c  with  respect  to  another  magnetic 
structure.  In  this  case  we  will  net  thus  far  take  into  consideration 
the  fact  that  in  the  stereobetatrcn  the  total  quantity  of  air  gaps 
along  the  magnetic  circuit  alxcst  is  twice  more  than  in  the  betatron 
of  w-shaped  construction/design. 

Fig.  19a  and  b  shows  the  diagrams  of  the  magnetic  circuits  of 
the  betatron  of  w-shaped  constructicn/de sign  and  two-chamber 
stereooetatron.  Length  of  the  line  of  force,  which  passes  along  the 
transverse  axis  of  the  symmetry  cf  poles,  designated  L-  the  maximum 
and  minimum  lengths  of  lines  cf  force  -  and  /„„  respectively. 
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In  this  case  the  designations  with  the  prime  “V  „  .  /  „  i  relate  to 
the  w-shaped  betatron.  Letters  ^  and  respectively  -  the 

maximum  and  minimum  lengths  of  the  lines  of  force  of  stereobetatron, 
which  pass  along  the  lccgitudinal  axis  of  the  symmetry  of  magnetic 
circuit  and  adjacent  to  central  pole  core  (i.e.,  in  the  zcne  cf  the 
smallest  value  of  air  gap  of  stereotetat ron  The  designation  of 

the  sizes/dimensions  of  the  individual  sections  of  magnetic  circuit 
is  clear  from  Fig.  19.  Per  simplicity  we  consider  that  the 
sizes/ii mensions  of  the  separate  parts  of  the  magnetic  circuit  of 
betatron  ar.d  stareobetatron  are  equal  to  each  other  (diameter  cf 
poles,  length  and  the  height  cf  frameworks,  etc.): 

f,,  2/,t  +  A,;  «=  //  _  2V. 

^  aakff  t .[  '  2rc. 

For  the  stareobetatren,  considering  that  2/;  -  -  ^  obtain: 


*=•  2(1,  /tT  x  h,  —  2 r, h 


4/* o» 

/  «  /  —  2r  ■ 

*  '  MMM  *  U 


“  /u  -  4r,.: 

-  A,  -  2»V 
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Pig.  19.  Diagram  of  magnetic  circuits  of  betatron  (a)  and 
starecoetatron  (b). 

Page  89. 

Prom  the  comparison  of  the  lengths  of  lines  of  force  we  sea  that,  for 
example,  absolute  value  cf  difference  in  the 

steraooetatren  is  twice  more  than  corresponding  difference 
ir.  the  w-sbaped  betatrer.  However,  since  line  of  force  in  the 
stareobetatron  is  longer  than  the  ccrres pond ing  line  in  the  betatron. 
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the  relative  elongation  cf  line  of  force  is  virtually  equal. 
Actually/really,  the  relative  elongations  of  line  of  force  fcr  both 
cases  are  respectively  equal  to  *rc  U  and  2 r 


Lot  us  determine  the  relation  cf  denominators  W 

V  V  ~  2/v,  -  (/, 

The  second  meaner  of  the  attained  expression  is  small  in  corpariscn 
with  the  pair,  since  bcth  coapcnect s/ter  as/addends  in  the  numerator 
are  nearly  equal  to  each  ether  in  the  absolute  value,  and  Jer.cainator 
is  considerably  more  than  numerator.  Thus,  fractions  4rc/7„  and 
2rc are  in  effect  equal. 


In  the  specific  case  when  /,  *  1 12  cm,  /rT -26.3  cm,  A.  -  15  cm,  r„  =  16.5  cm, 
and  rt  -9  cm  and  r0  =  1J  cm  (betatron  on  15  (lev  TPI)  ,  we  have 

is-  — a-6-66-0 

V  52.6  +127  *  ‘ 

i.e.,  in  the  stereobetatren  the  relative  elongation  cf  line  ct  force 
even  somewhat  less  than  in  the  w-shaped  betatron,  and  amplitude 
magnetic  bump  in  the  stereobetatren  for  the  example  examined  ices  net 
deteriorate.  The  maximum  difference  in-the  lergth  of  lines  cf  ferej 
will  be,  obviously,  l„„  —  lH„  =  0>r„  in  the  steraobetatron  and 
l*  —  —  2ra  in  the  w-shap«d  betatron.  Analogous  with  the 


preceding/previous  case  let  us  find  that  for  this  azimuth  the 
relative  elongation  of  line  of  force  in  the  stereobetatron  is  2.  j5 
times  more  than  in  the  betatron  of  w-shaped  ccnstruction/design. 
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Consequently,  on  this  aziauth  it  is  possible  to  expect  deterioration 
ir.  the  amplitude  heterogeneity  cf  field. 

Lat  us  determine  the  reluctance  of  the  aagnetic  circuit  cf 
be*atron,  with  air  gap  and  steel  aagnetic  circuit. 

Page  90. 


The  reluctance  of  air  gap 

where  5 0  -  f uli/total/ccmplete  vacuua  gap,  switching  on  air  gaps 
clearance  of  aagnetic  circuit,  that  comprise  usually  (1.07-1.03)  A0; 
s  -  section  of  the  cere  cf  aagnetic  circuit;  \.0  -  magnetic.  Th i 
reluctance  of  steel 


where  ^SOOO  -  relative  aagnetic  peraeability  of  transformer  steel. 
Relation  of  the  resistcrs/resistances 

_  /,„c »»  *£  _  _L  . 

R  ”  i*  *■> 

The  oDtained  expression  deteraines  the  share  cf  the  reluctance  of 
betatron,  which  falls  tc  the  steel  part  of  the  aagnetic  circui*.  Th® 
same  will  be  the  value  cf  the  ccntiibuticn  of  the  steel  part  cf  the 
magnetic  circuit  to  the  aiplitude  heterogeneity  of  field  ah,  i.®., 

A  H  '.Ik  r  ~ 

f1  ''ll 


A  HJ  - 


In  the  given  shcrt-cut  calculation  were  not  considered  the  stray 
fields  of  electromagnet,  since  these  fields  fcr  both 
constructions/designs  have  identical  order  of  magnitude,  bu4-.  in  thc 
stereobetatron  is  observed  sore  explicit  asyeaetry  in  magnetic  flux 
distrioution  of  scattering.  The  exF«riasntal  check  shoved  that  the 
effect  of  stray  fields  tc  the  structure  of  field  dees  r.ct  have  vital 
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ft 

importance. 

The  real  picture  of  the  static  heterogeneity  of  the  fiel  1  cf 
sterecb atatrcn  was  e xpe riaentall y  have  investigated  we  cn  the  special 
shapes  and  the  electromagnets  cf  the  accelerators  in  operation. 

Fig.  20  depicts  amplitude  magnetic  bump  for  several  magnetic 
circuits.  The  heterogeneity  cf  field  in  the  model  of  ste reo betatron , 
which  does  net  contain  magnetizing  coils  at  the  poles,  it  is  shown  in 
Fig.  20a.  Heterogeneity  composes  -3o/o  and  takes  the  asymmetric  form 
as  a  result  of  the  sucticn  effect  cf  frameworks  or.  azimuth  of  00°. 

In  the  star eobetatren  on  10  MeV  the  static  heterogeneity  of 
field  is  less  (Fig.  20b),  since  magnetizing  coils  are  placed  cn  the 
pole  pieces.  Fig.  20c  depicts  amplitude  heterogeneity  for  twe 
stereebetatrons  (to  15  and  25  MeV)  with  the  large  air  gaps.  Since  an 

increase  in  air  gaps  decreases  the  effect  of  the  dissymmetry  of 

✓ 

construction/design  on  the  static  heterogeneity  of  field,  the  latter 
for  these  cases  does  net  exceed  Ic/c. 

Fig.  20d  gives  the  static  heterogeneity  cf  stereobr-t atren  on  3 
.lev  with  the  toroidal  magnetic  circuit.  Because  of  this  magnetic 
structure  is  achia ved/reached  considerably  greater  symmetry  in  the 
leakage  fluxes  on  all  azimuths.  Therefore  s tali'  heterogeneity  in 
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this  stereobetatron  is  small  (less  than  0. 5o/o)  in  the  absolute  value 
and  has  symmetrical  distr ifcuticn. 

For  the  comparison  (Fig.  20e)  is  given  static  magnetic  bump  of 
the  betatron  of  w-shaped  constr ccticn/de sign  whose  electromagnet  was 
assembled  with  the  especially  high  precision/accuracy  and  the 
thoroughness.  The  heterogeneity  of  field  composes  here  1.5o/c. 
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Page  9a. 


Pig.  20.  Picture  of  azimuthal  magnetic  bump  of  sterecbetatrcn  for 
several  magnetic  circuits:  a)  magnetic  circuit  with  cne  stable;  b) 
st&recbetatrcn;  c)  high-current  stereobetatron;  d)  stereofceta tron 
with  toroidal  core;  e)  usual  betatrcn  (for  comparison).  A  -  amplitude 
heterogeneity;  B  -  phase  heterogeneity  "natural"  and  corrected  for 
both  pole  pairs. 

Key:  (1)  .  deg. 

Page  95. 

Thus,  experimental  data  confirmed  conclusions  the  fact  that 
amplitude  magnetic  bump  in  the  tvc-chaaber  stereobetatron  is  not 
verse,  but  for  the  accelerators  with  the  ample  clearance  cr  the 
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toroidal  magnetic  circuit  it  is  considerably  better  than  in  the 
betatron  of  the  propagated  w-shaped  construction/design.  since  the 
absolute  value  of  amplitude  aagnetic  bump  in  the  sterecbetatrcn  is 
low,  then  the  supplementary  correction  of  this  heterogeneity  it  is 
net  required. 

glt>.  Azimuthal  phase  magnetic  bump. 

Azimuthal  phase  heterogeneity  in  the  betatron  of  w-shaped 
construction/design  can  reach  the  value  of  order  (5—6) •10”3  rad, 
which  corresponds  (with  the  feed  cf  electromagnet  by  power  current) 
to  phase  shift  of  magnetic  flu*  fer  differant  points  of  equilibrium 
orbit  in  15-20  ys. 


Por  decreasing  the  phase  heterogeneity  of  field  is  utilized  the 
propagated  method  -  method  cf  ccmpersating  turns.  Method  is  based  or 
what  closed  loop,  which  encompasses  the  packet  of  framework,  creates 
due  to  the  induced  in  the  turn  current  magnetic  flux  ,  shifted 
relative  to  the  main  flew  to  the  side  of  delay  the  angle  ,  close  to 
90°.  Thus,  if  we  to  the  packets  of  the  strut  cf  electromagnet  place 
closed  loops,  then  the  anticipating/leading  flow  cn  the  azimuths, 
which  correspond  to  these  packets  cf  framework,  will  be  shifted  to 
the  side  of  delay,  i.e, ,  the  degree  of  the  heterogeneity  of  fiald 
will  cnange. 
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In  the  couples  fori  the  shifted  flow  is  equal  to 

<i>  —  4-  i<!>"  =  •J'zj  ■»  *l>,  *  —  i<J>"  <I»;,  , 


where  the  value  with  one  and  two  prises  -  projection  of  vectors  cn 
the  real  and  imaginary  axes  of  nuserical  plane  respectively,  on  these 
projections  can  be  found  and  ancle  |S?  •  on  which  it  will  turn  itself 
to  the  side  of  delay  the  vector  of  flow  m,: 


tg8*  tg(?,  -?j)=- 


-'VQ' 


Page  96. 

The  value  of  phase  shift  depends  both  on  the  current  in  the 
compensating  turn  and  on  impedatce  cf  turn  Z. 

Por  the  more  effective  adjustient  of  the  heterogeneity  cf  field 
are  applied  not  closed  loops,  but  combination  of  turns  on  the  packets 
with  the  anticipating/leading  flow,  included  contrarily  with  the 
turns  on  the  packets  with  the  delaying  flow.  For  the  purpose  of  the 
adjustment  of  current  in  the  compensating  turns  is  utilized  the 
injection  of  these  turns  from  the  separate  voltage  source  or  from  tha 
system  of  the  turns,  which  enccspass  entire  framework  as  a  whole. 
Varying  the  method  cf  the  inclusion  of  compensating  turns  into  the 
separate  groups  and  changing  in  them  current,  it  is  possible  sevaral 
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tines  to  reduce  the  initial  "natural"  phase  heterogeneity  of  field. 

The  method  of  compensating  turns  on  the  struts  of  magnetic 
circuit  cannot  be  used  in  the  stereobetatron  due  to  the  absence  of 
rows.  In  connection  with  this  fcr  the  correction  of  phase  magnetic 
bump  in  the  stereobetatrcn  is  developed  (and  it  is  used  in  the 
accelerators  in  operation)  the  method  of  the  sector  compensating 
turns,  arranged/located  in  the  jcirt  between  pole  and  framework  of 
magnetic  circuit.  The  correction  method  of  the  structure  of  field 
remains  the  same,  i.e. ,  the  groups  of  the  turns,  which  encompass 
sectors  with  the  delaying  field,  are  switched  on  contrarily  tc  the 
turns,  which  encompass  sectors  with  the  anticipating/leading  field. 

In  this  case  the  corrective  action  cf  turns  proves  tc  be  more 
effective  and  descend  the  expenditures  of  electrical  energy  in 
comparison  with  the  turns,  arranged/located  on  the  struts  of  magnetic 
circuit. 

For  positioning/arranging  the  compensating  turns  between  the 
pole  and  the  framework  allows  clearance  2-3  mm,  if  turns  are  mounted 
on  the  special  disk.  This  leads  tc  an  increase  in  magnetomotive  force 
of  magnetizing  coils  by  value 


where  -  magnetomotive  force  of  the  magnetizing  coils  of 
accelerator;  -  gap  between  the  framework  and  the  pole  and  n  and 
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nt  -  number  of  gaps  d,  and  fi0  respectively.  Value  aFk  dees  not 
exceed  3-5o/c. 

Page  97. 

These  value  can  be  considerably  lowered,  if  tc  provide  on  the  plane 
of  pole,  turned  to  the  framework,  special  slots/grooves  for  lying  the 
compensating  turns.  In  each  of  4  jcints  pole  -  framework  is 
arrarg9d/located  the  group  of  compensating  turns,  of  12  sactcrs. 
Azimutnal  solution/openinc  of  each  sector  of  30®.  Azimuthal 
solution/opening  of  each  sector  cf  30°.  Each  group  of  sectors  has  its 
connection  diagram,  selected  experimentally. 

Fig.  20b  shows  "natural"  phase  magnetic  tump  of  stereo  betatron 
for  both  pole  pairs  and  corrected  by  sector  turns  structure  of 
magnetic  field.  Natural  azimuthal  heterogeneity  we  have  a  scatter  3.3 
ms,  which  corresponds  tc  1.5  G.  After  adjustment  this  scatter  is 
reduced  to  0.4  ps,  i.e.,  more  than  eight  times. 

The  adjustment  of  phase  eagnetic  bump  with  the  aid  of  cf 
compensation  turns  requires  the  considerable  expenditure  of  time, 
supplementary  consumption  of  electrical  energy  and  tc  the  certain 
degree  complicates  the  alignment  procedure  and  operating  the 
installation.  Therefore  obtaining  in  the  betatron  of  magnetic  field 
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with  the  sufficiently  small  azimutbal  heterogeneity,  which  does  not 
require  special  aeasures  for  its  adjustment,  is  very  desirable.  For 
this  in  the  ster eobetat tens  is  developed  and  used  (<*;  the  proposed  by 
n.  F.  Filippov  method  of  the  special  laying  cut  of  the  framewcric  of 
Detatron  in  the  evenly  leaded  packets,  which  make  it  possible  to 
lower  the  initial  "natural"  phase  heterogeneity  of  field  to  the 
level,  which  does  not  require  subsequently  of  supplementary 
correction  with  the  aid  of  the  coepensating  turns.  Method  consists  of 
the  following. 

Since  the  phase  heterogeneity  cf  field  tc  the  large  degree  is 
determined  by  nonunifora  magnetic  flu*  distribution  accorlir.j  tc  the 
section  of  framework,  the  equalization  cf  this  distribution  must  leai 
to  a  sharp  decrease  in  the  heteccgeneity  of  field  in  the  in*erpolar 
space  of  w-shaped  betatron  or  stereobetatron.  The  identical  value  of 
magnetic  induction  in  all  packets  can  be  obtained  in  the  framework  cf 
stepped  section.  However,  the  fxasewerk  of  this  section  is 
technologically  sore  complicated.  The  same  effect  of  flattening  of 
the  magnetic  loading  cf  packets  frameworks  it  is  possible  tc  obtain 
in  the  framework  of  rectangular  cress  section  the  appropriate  layinq 
out  of  steel  framework  tc  the  packets  of  the  strictly  defined 
sizes /dimensions. 


Page  98 
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The  air  longitudinal  ducts  between  the  packets  also  are  regulated 
Doth  according  to  the  sizes/dinensicns  and  on  the  location  of  the 
transverse  axis  of  framework.  Collected  thus  framework  is  equivalent 
to  the  framework  of  stepped  secticr.  Necessary  laying  out  of  the 
framework  of  stepped  section.  The  necessary  laying  out  cf  framework 
for  packets  it  is  easy  tc  design  for  each  specific  case. 

Table  4  gives  the  calculated  program  of  the  blending  of  the 
framework  cf  high-current  betatrcs  cn  25  MeV. 
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Table  4. 
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ncHH  aaktia 

nett*,  mm  | 

naKera  mm  j 
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|  K..I31KH.  MM 

5 

23 

7.4 

7,8 

7.8 

! 

7,8 

4 

25 

14,0 

5,5 

13,8 

5,5 

3 

27 

19,4 

3,8 

9.3 

9 

3,8 

2 

30 

25,2 

2,4 

6,2 

2,4 

I 

30 

27,4 

1.3 

3.7 

1.3 

0 

105 

105 

0 

1.3 

0 

105 

10S 

0 

1.3 

1 

30 

27,4 

1.3 

3.7 

1.3 

2 

30 

25,2 

2,4 

6.2 

2,4 

3 

27 

19.4 

•3.8 

9.3 

3.8 

4 

25 

14.0 

5.5 

13,8 

5.5 

5 

23 

7.4 

7,8 

7,8 

7.8 

r 

IM 

moro 

480 

396,8 

— 

81,2 

Key:  (1).  Humber  of  the  stap/stage  of  packet, 
step/stage,  mm.  (3).  Thickness  cf  packet  mm. 
packet,  am.  (5).  Thickness  of  separator,  mm. 


(2)  .  aidth  of 
(4)  .  Gap  to  side 
(6)  .  Altogether. 
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Framework  is  divided/marked  off  into  11  packets  whose  thickness  and 
sizes /dimensions  of  the  gap  between  the  packets  (thickness  cf 
separator)  are  given  in  Table  4. 

Pnase  magnetic  bump  is  decreased  6-8  times.  The  amplitude 
spread/scope  of  the  phase  heter cgeneity  of  the  field  of  betatron  wit 
the  special  to  blending  dees  net  exceed  1.5  G,  which  is  completely 
admissible  for  the  betatren  with  the  low  voltage  of  injection  30-u0 
kV.  In  the  operating  stereobetatren  capture  of  electrons  in  the 
acceleration  is  observed  even  with  the  voltage  of  injection  6  kV.  Th 
value  of  the  corrected  phase  heterogeneity  of  field  comprises  with 
this  0.3  G.  The  cuto ff/disconnecticn  of  the  system  cf  the  correction 
of  field  decreases  the  intensity  cf  radiation/e mission  only  by  iOo/o 

Thus,  for  the  supplementary  correction  of  the  phase  of 
heterogeneity  of  the  magnetic  field  with  high  voltages  of  injection 
it  is  not  required.  However,  in  the  case  of  special  need  this 
heterogeneity  can  be  lowered  even  several  times  with  the  aid  of  the 
method  of  sector  turns,  described  above. 

Page  100. 
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Recently  in  the  applied  sciences  and  the  industrial  production 
grows/rises  the  requirement  fer  the  powe  rf u l/thick  sources  of  the 
ionizing  ra diation/e mission,  the  required  pulse  current  of  the 
accelerated  elactrons  composing  several  amperes,  and  average/mean 
current  -  several  ten  microamperes  with  the  energy  cf  beam  2G-30  'lev. 
Before  the  creation  of  high-current  betatrons  tne  electron  teams  with 
such  parameters  were  obtained  only  cn  the  linear  accelerators  and  the 
microtrons.  High-current  tetatrccs,  accelerating  more  than  1C»* 
alectrons/cycle,  are  not  inferior  tc  microtrons  and  to  linear 
accelerators.  The  average/mean  current  of  the  accelerated  electrons 
is  approximately  25  ^A,  which  corresponds  to  the  average/mean  power 
of  beam  of  approximately  600  u.  These  numerals  are  compared  with  the 
appropriate  values,  obtained  cn  the  linear  accelerators.  The 
average/mean  current  cf  linear  accelerators  ard  microtrons  can  be 
more  than  the  current  of  high-current  betatrons  in  essence  because  of 
the  higher  pulse  repetition  frequency.  However,  we  assume/set  by 
possible  to  increase  current  frequency,  which  feeds  betatron  at  least 
by  an  order,  if  we  utilize  contemporary  high-frequency  magnetic  and 
alectrical  materials,  and  therefore  by  an  order  to  raise  the 
average/mean  current  of  tbe  accelerated  electrons. 

Already  today  high-current  tetatrons  successfully  compete  with 
the  accelerators  of  other  types  not  only  because  of  the  high 
intensity  of  electron  beam,  but  also  because  cf  exceptional 
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simplicity  of  the  constr uction/design  of  accelerator  and  simplicity 
of  its  operation  in  comparison  with  the  resonance  accelerators.  Th^ 
general  view  of  the  betatron  cn  25  SeV  and  of  stereobetatror.  on  15 
MeV  is  given  in  Fig.  21. 


Fig.  21.  General  via*  cf  stereotetatron  on  15  nov  (a)  and 
high-current  betatron  on  25  HeV  (t). 
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At  present  there  is  a  real  possibility  to  substantially  reduce 
sizes/dimensions  and  weight  of  high-current  betatron  without  the 
damage  for  the  parameters  of  team,  i.e. ,  to  make  the  existing 
betatrons  more  movable  and  even  hy  sore  effective.  Possibly  also  an 
increase  in  the  charge  of  the  accelerated  electron  beam  even  several 
times.  Works  in  this  direction  continue.  High-current  betatrons 
undoubtedly  will  engage  the  worthy  place  in  the  series/row  cf  the 
sources  of  the  ionizing  radiaticn/e aission. 


REFERENCES 

1.  A  «a  h  be  b  .1  M„  Bopofibe*  A.  A.,  ropOygoa  B.  H. 
ilHiykttHGHHUH  yCKOpHTeJIb  3.leKTpOHOB  —  fieTaTpOH.  M.,  AtOM- 
H3aaT.  1961. 

2  Mep.iaHucs  n.  A.  tH3b  Tomckopo  no.iHTex.  ««-ra»  87,  41. 

1 1957] :  Pojhvob  5.  H.  TaM  '/Ke,  crp.  3. 

3.  dilMOB  r  H  B  c6  cS.ieKTpoHHble  yChOpHTe.1H»,  Tomck,  1961. 
crp  136. 

4  M  p  p  a  a  h  u  e  b  n.  A.  B  cS.  «3.tcKT30HHbie  ycKOBHTe.aH».  Tomck. 
1961,  crp  58 

5  Gone  (la  L.  Nucl  Tnstrum  Meth.  22,  269  (1963). 

6  P  a  3  H  h  B  M  .iHccepiamia  Tomck,  1953. 

7  A.u  v  osckhS  II  B  3-ieKTpoHHbie  ny  hkh  h  3„ieKTpoHHWe  nym- 

kh  M  ,  'CoaeTCKoe  paano».  1966. 

8  Mni-maei  B  A..  Oxy-ioB  B  B  *>K  Texn.  djH3.»  32,  9. 
1040  (1962). 

9  4  y  m  a  .1  h  h  H  TI.  «H38  ToMCKoro  no«iHTexH.  hh-t3»,  87,  256 
1 1957) 

10  Dressel  R.  W.  Phys.  Rev.  144,  No.  I.  332  (1966). 

11  M  i ■  e  k  a  ,i  e  b  B  A  .  C  k  b  o  p  u  o  r  K3.M  Hjp.Bc6.  «3;ieK- 

ycKopiire.in*.  Tomck,  1961,  cTp,  100. 

12  .MocK3.it  s  B  A„  O  r  p  v  0  a  h  ii  h  k  o  b  K3  A.  .ripHCopu  h 
Ti.\HHka  3KcnepiiMenTa»,  5,  26  (1963), 

13  \V  .  d  e  r  o  *  R  Das  «  Brown  —  Boveri  Betatron*  No  2320— XII, 

2.  49.  i  !953, . 

14  c  :  '  e  ii  E  V  0  it  -  ii  n  n  o  b  M  <J>  Ckbopuob  IO.  M. 

y  •  T  .a  ,  :>:-Hcrp8UHH  .Vo  34314.  26/111963  r. 

13  I  a  s  I ..  1 1  L  .1 .  N  e  i  I  V  K.  Sessler  AM  «Rev  Scient. 

Insir„nv.  36  No.  4  436  (1965).  • 

PaapS  io3  iow. 


END 

DATE 

FILMED 

5.81 

DTIC 


